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IV  PREFACE 

of  these  matters  is  becoming  more  and  more  essential  to 
the  electrical  engineer  in  any  i&eld. 

4.  The  subject  of  the  behavior  of  dielectrics  has  been 
approached  from  a  standpoint  which  departs  from  the 
historical  method  of  attack  in  order  to  gain  clearness  and 
miity  of  treatment. 

5.  About  j&ve  hundred  live  problems  are  included  for 
iUustration,  for  practice  in  applying  the  principles  and  for 
the  purpose  of  bringing  before  the  student  useful  and  in- 
teresting engineering  data.  Some  of  these  are  purposely 
made  of  such  calibre  as  to  merit  the  attention  of  the  most 
able  students. 

The  book  is  written  primarily  for  students  of  college 
grade  and  presmnes  a  knowledge  of  calculus  and  physics. 
The  terminology  and  symbols  employed  are  those  recom- 
mended by  the  American  Institute  of  Electrical  Engineers. 

Grateful  acknowledgment  is  extended  to  Professor  F.  S. 
Dellenbaugh,  Jr.,  for  oscillographs  of  transients,  and  to 
Mr.  E.  L.  Bowles,  Mr.  L.  F.  Woodruff  and  Mr.  E.  L.  Rose 
for  diagrams,  proof-reading  and  the  checking  of  problems. 

W.  H.  T. 
V.B. 

Cambridge,  Massachtjbettb9 
February^  1922. 
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2  PRINCIPLES  OF  ELECTRICAL  ENGINEERING 

The  chief  natural  sources  of  power  are: 

(1)  Water  flowmg  in  natural  or  artificial  waterways, 

(2)  Coal  which  is  mined  from  the  earth, 

(3)  Oil  and  gas  which  flow  from  wells. 

In  order  to  generate  any  large  amount  of  power  by  means 
of  water,  either  there  must  be  an  enormous  flow  of  water  at 
a  low  head  or  a  smaller  flow  at  a  very  high  head.  Thus  in 
the  plant  at  Swan  Falls,  Idaho,  which  is  shown  in  Fig.  1, 
the  head  averages  only  19  feet  and  the  necessary  flow  per 
horse  power  is  over  120,000  pounds  per  hour,  while  in  the 
San  Franciscito  plant  in  California,  shown  in  Fig.  2,  the 
flow  per  horse  power  is  less  than  2600  pounds  per  hour  but 
the  head  is  938  feet.  The  design  of  the  water  wheels  and 
electric  generators  for  operating  under  such  diverse  con- 
ditions must  show  a  wide  variance.  In  a  problem  of  this 
kind,  the  electrical  engineer's  knowledge  of  physics,  par- 
ticularly mechanics,  is  called  most  prominently  into  play. 
Where  coal  or  oil  is  used  to  produce  power,  a  much  smaller 
quantity  per  minute  is  required.  For  instance,  in  place  of 
either  of  the  two  projects  mentioned  above,  we  could  pro- 
duce a  horse  power  by  burning  about  1.5  pounds  of  coal  or 
0.9  pound  of  oil  per  hour.  Thus  by  burning  a  small 
quantity  of  oil  or  coal,  an  immense  amount  of  energy  can 
be  released.  This  is  one  of  the  reasons  why  the  larger 
percentage  of  the  power  used  in  the  world  comes  from  coal 
and  oil,  in  spite  of  the  fact  that  the  sources  of  these  materials 
are  limited  in  extent. 

2.  Why  We  have  Central  Power  Plants.  Great  as  the 
amount  of  power  is  that  can  be  obtained  from  small  amounts 
of  oil  and  coal,  it  is,  however,  rarely  ever  convenient  or 
economical  to  set  up  an  engine  at  just  the  place  where  the 
power  is  to  be  used.  When  we  wish  to  light  a  room  by  in- 
candescent electric  lamps  which  require  about  ^^^  horse 
power  each,  we  do  not  set  up  a  small  gasoline  motor  and 
generator  or  a  steam  engine  and  generator  near  each  lamp. 
Neither  do  we  set  up  in  a  shop  a  small  engine]  near  each 
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almost  any  shape  to  pass  around  curves  and  obstacles  and 
which  are  comparatively  safe,  neat  and  of  small  upkeep 
expense  when  once  installed. 

2.  Electrical  energy  can  be  converted  easily  into  nearly 
any  other  form  at  the  spot  where  it  is  needed.  It  lights 
lamps,  drives  motors,  heats  stoves  and  furnaces,  refines 
metals  and  electroplates. 

3.  Very  little  energy  is  lost  in  the  wires  and  other  devices 
during  transmission  over  even  great  distances. 

4.  Electrical  devices  are  easily  stopped,  started  and  con- 
trolled by  simple  compact  devices  which  are  rapid  and  ac- 
curate in  their  operation  and  durable  in  their  construction. 

4.  Locations  of  Power  Plants.  For  the  purpose  of  econ- 
omical distribution,  a  power  plant  should  be  located  as 
near  as  possible  to  the  center  of  the  district  it  supplies.  In 
the  case  of  plants  operated  by  water,  such  a  location  is 
generally  impossible.  Such  large  quantities  of  water  under 
great  pressure  are  needed  for  most  plants  that  it  is  more 
practicable  to  locate  the  plant  near  the  water  way  and 
transmit  the  electrical  power  to  the  district  to  be  supplied 
than  to  bring  so  much  water  to  a  centrally  located  plant. 

The  problem  of  central  locations  of  plants  operated  by 
gas,  oil  or  coal  is  much  simpler.  The  quantity  of  energy 
contained  in  a  small  weight  of  gas,  oil  or  coal,  the  ease 
with  which  gas  and  oil  can  be  piped  oyer  great  distances 
and  the  numerous  facilities  for  transporting  coal  malce 
practicable  to  locate  the  power  plant  at  the  center  of  the 
district  to  be  served. 

In  the  future,  however,  as  the  eflSciency  of  transmitting 
electrical  energy  becomes  greater  and  the  cost  of  transport- 
ing gas,  oil  and  coal  becomes  higher,  it  may  be  more  econom- 
ical, to  locate  even  the  plants  using  these  fuels  in  the  oil  and 
coal  fields  and  transmit  power  by  electricity  to  still  greater 
distances  than  at  present.* 

*  See  "Electrical  Transmission  versus  Coal  Transportation",  by 
Harold  W.  Smith,  Electrical  Journal,  September,  1921. 
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It  will  be  noted  from  Fig.  3  that  the  Superpower  Zone 
extends  from  Washington,  D.  C,  to  Portland,  Me.,  and 
from  the  Atlantic  seaboard  to  Harrisburg,  Pa.,  and  Utica, 
N.  Y.  Within  this  zone  reside  twenty-five  millions  of  the 
nation's  population  and  here  forty  percent  of  the  manufac- 
turing of  the  nation  is  carried  on.  There  are  already  in  this 
area  315  electric  public  utilities  operating  about  1200  miles 
of  line  at  33,000  volts  or  higher,  to  which  the  superpower 
system  will  add  about  4700  at  110,000  volts  and  4000  at 
220,000  volts.  While  most  of  the  power  is  to  be  developed 
from  the  coal,  oil  and  water  power  within  this  territory,  it  is 
also  proposed  to  draw  huge  quantities  from  an  enlarged 
power  development  at  Niagara  Falls  and  a  new  plant  to  be 
established  on  the  St.  Lawrence  River.  All  of  the  avail- 
able  water  power  within  the  area  will  be  put  to  use,  the 
Potomac,  Susquehanna  and  Delaware  Rivers  furnishing 
power  to  the  central  and  southern  portions,  the  Hudson 
and  Connecticut  Rivers  to  the  northern  portion.  How- 
ever, these  water-power  developments  even  when  sup- 
plemented by  those  of  Niagara  and  the  St.  Lawrence  will 
take  care  of  but  little  more  than  twenty  percent  of  the 
requirements  of  the  territory  under  consideration.  For 
about  eighty  percent  of  the  power  in  this  vast  system,  coal 
and  oil  must  be  depended  upon,  and  it  is  in  the  economical 
location  and  operation  of  these  steam-electric  stations  that 
the  great  saving  is  to  be  accomplished.  Note  that  these  are 
to  be  located  in  the  coal  fields  at  Sunbury,  Nescopee  and 
Pittston,  Pa.,  and  at  cities  on  the  tidewater  to  which  trans- 
portation is  easy  and  cheap. 

Most  of  this  development  bids  fair  to  take  place  within 
ten  years.  One  of  the  problems  involves  the  degigning  of  ap- 
paratus with  an  insulation  capable  of  withstanding  about  a 
half-million  volts  pressure.  A  knowledge  of  the  actions  of  dif- 
ferent materials  when  subjected  to  this  pressure  is  necessary, 
and  for  this  reason  the  subject  of  electrostatics  must  be 
mastered  by  an  engineer  entering  this  part  of  the  electrical 
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ages  and  its  use  is  restricted  to  the  carrying  on  of  conver- 
sation over  distances.  Yet  both  of  these  enterprises  re- 
quire the  services  of  exactly  the  same  types  of  electrical 
engineers  with  the  same  knowledge  of  fundamental  laws  of 
electricity  and  the  same  training  in  applying  them. 

Electrical  engineers  may  be  divided  into  three  more  or 
less  clearly  defined  classes  or  types,  depending  upon  their 
duties. 

First  type,  —  the  electrical  engineer  who  applies  the  laws 
of  science  to  the  development  of  electrical  equipment. 
To  this  class  belongs  the  research  engineer,  who  pushes 
outward  the  boundaries  of  our  knowledge  of  natural  laws 
for  the  purpose  of  employing  them  more  fully  for  mankind, 
the  designing  engineer, who  plans  the  machines  which  make 
use  of  these  laws,  and  the  production  engineer,  who  manu- 
factures them.  Each  must  have  a  thorough,  up-to-date 
knowledge  of  the  main  branches  of  physics  and  chemistry 
as  well  as  an  intimate  knowledge  of  the  latest  theories  and 
discoveries  in  electrical  science.  The  last  two  must  also 
be  familiar  with  the  best  shop  methods  especially  as  related 
to  quantity  production.  To  this  class  of  engineers  all  elec- 
trical projects  must  look  to  supply  the  necessary  electrical 
machinery  and  appliances. 

Second  type,  —  the  electrical  engineer  who  applies  the  elec- 
trical-engineering equipment  to  the  use  of  man.  He  plans, 
constructs  and  operates  power-transmission  systems,  tele- 
phone, telegraph  and  electric-railway  systems.  To  this 
class  belongs  the  engineer  who  has  the  responsibility  of 
selecting  the  proper  types  and  sizes  of  electrical  equipment. 
He  must  be  familiar  with  the  latest  designs  and  must  have 
all  the  fundamentals  of  the  science  so  well  in  hand  as  to  be 
able  to  judge  fairly  the  claims  of  various  manufacturers 
concerning  their  outputs.  Closely  connected  with  this  task 
is  the  writing  and  interpreting  of  specifications.  Such  an 
engineer  must  not  only  have  a  knowledge  of  the  standard 
tests  and  behavior  of  electrical  machinery  under  given  con- 
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and  mathematics,  and  endeavors  to  present  the  general 
principles  of  electrical  theory  in  such  a  manner  as  to  afford 
a  foundation  upon  which  the  student  of  electrical  engineering, 
regardless  of  which  branch  he  may  select,  can  build  his 
higher  technical  courses. 
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cent  efficiency  instead  of  the  Diesel  engine?  Electricity  costs 
4  cents  per  hour  for  each  kilowatt.  (This  is  not  fair  to  the 
motor,  as  the  oil  engine  would  probably  require  much  more 
attention.)     1  pound  of  oil  =  14,500  B.t.u. 

Prob.  16-1.  A  test  was  made  on  the  shafts  and  belting  of  a 
certain  machine  shop  eight  stories  high.  A  jack  shaft  on  each 
floor  was  connected  by  belts  to  the  engine  shaft.  When  the 
shop  was  running  at  full  load,  the  sum  of  the  power  being  de- 
livered by  the  several  jack  shafts  was  196.7  horse  power.  The 
engine  was  delivering  257.2  horse  powQr. 

(o)  What  horse  power  was  lost  in  the  jack  shafts  and  belting? 

(6)  What  was  the  efficiency  of  the  jack  shafts  and  belting? 
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of  an  ammeter  inserted  in  the  circuit  at  the  point  where  it 
is  desired  to  know  the  current. 

In  Fig.  17,  ammeter  A  measures  the  current  in  the  lint 
AB;  ammeter  Ai  measures  the  current  in  branch  BE  or 
the  current  taken  by  the  lamp  Li.  Since  the  same  current 
must  flow  away  from  Li  as  flows  to  it,  the  ammeter  could 
just  as  properly  be  placed  between  Li  and  the  point  E. 


F  E 

Fio.  17.    The  reading  of  the  ammeter  A  is  the  sum  of  the  readings 

of  ammeters  Ai  and  A^. 

Anmieter  A2  measures  the  current  taken  by  lamp  L%. 
Ammeter  A2  could  be  placed  anywhere  in  the  line  BCDE 
to  measure  this  current.  The  sum  of  the  readings  of  Ai 
and  A2  should  equal  that  of  A, 

An  ammeter  must  have  a  very  low  resistance  in  order 
that  it  may  not  appreciably  increase  the  resistance  of  the 
line  in  which  it  is  inserted.  The  potential  difference  across 
the  terminals  of  a  well-known  make  of  these  instrunaente 
is  about  0.05  volt  for  full-scale  reading.     Thus  a  10-ampere 

ammeter  would  have    '  ^     or  0.005  ohm  resistance,  while  a 

100-ampere  instrument  would  have     '^^    =  0 . 0005  ohm. 

The  potential  difference  between  two  points  is  commer- 
cially measured  by  means  of  a  voltmeter,  one  terminal  of 
which  is  attached  to  one  point  and  the  other  terminal  to 
the  other  point.  Thus  in  Fig.  17a,  voltmeter  Vi  measures 
the  difference  of  potential  or  voltage  between  the  terminals 
of  the  lamp   Li.    Voltmeter    V2  measures   the   potential 
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Prob.    13-2.     Fig.    19  represents  a  Whetstone  bridge  in 
which  the  two  resistors  Ri  and  R^  of  Fig.  lliare  replaced  by  a  |l! 
single  wire  BD  of  high  resistance  and  uniform  cross-section. 


Fig.  19.    The  slidewire  Wheatstone  bridge. 

A  balance  is  obtained  by  sliding  the  contact  point  A  along  the 
wire.     Write  the  equation  for  this  form  of  bridge. 

Prob.  14-2.     Fig.  20  represents  a  Wheatstone  bridge  set  up 
for  a    "  Varley  Loop  "  test  for  the  location  of  a  ground  in  a 
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Fig.  20.    A  Wheatstone  bridge  arranged  for  a  "Varley  Loop"  test, 
to  locate  the  place  F,  where  the  line  is  grounded. 

cable.  The  "  return  '*  wire  need  not  have  the  same  resistaace 
per  foot  as  the  line.  Derive  the  equation  for  the  distance  *(X) 
out  on  the  line  to  the  grounded  point  "  F."  Resistance  per 
foot  of  "  line  ''  is  known. 
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Prob.  15-2.     In  Fig.  21, 

Resistance  of  A 
Resistance  of  B 
Resistance  of  C 


100  ohms, 
120  ohms, 
160  ohms. 


t 


-no  voits- 


FiG.  21.    A  combination  of  series  and  parallel  arrangements  of 

resistors. 

Find: 

(a)  Current  through  each  resistance, 

(6)  Resistance  of  parallel  combination  (A  and  B), 

(c)  Combined  resistance  of  system, 

(d)  Voltage  across  each  resistance. 
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Fig-  22. 


A  combination  of  series  and  parallel  arrangements  ol 

resistors. 


Prob.  16-2.     In  Fig.  22, 

Voltage  from  A  to  B  =  40  volts. 

Current  through  resistance  x  is  2.5  amperes, 

Resistance  y  =  b  ohms. 

Resistance  2=4  ohms. 

44 
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resistor  of  1.2  ohms.  Each  cell  normally  has  an  e.m.f.  of  2.1 
volts  and  internal  resistance  of  0.02  ohm,  but  one  cell  in  set  A 
has  **  gone  bad  "  and  has  an  e.m.f.  of  1.8  volts  and  an  internal 

resistance  of  0.14  ohm.  What 

1  ^>-      current  is  supplied  to  12  by 

■'—  —1—  ^^•^      each  set  of  cells? 


I 
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Prob.  24-2.     If  the  resist- 
ance of  Rf    Fig.   24,    is   re- 
duced to  0.02  ohm,  and  the 
other  data  left  as  in  Prob. 
23-2,  what  current  will  flow 
Fig.   24.    Batteries  A  and    B    con-  through  each  set  of  ceUs  and 
nected   m  parallel  are    supplying  j^  what  direction? 
current  to  the  resistor  R. 

Prob.  26-2.  If  the  resist- 
ance of  R,  Fig.  24,  is  increased  to  2.4  ohms  and  the  other  data 
left  as  in  Prob.  23-2,  what  current  will  flow  through  each  set 
of  cells  and  in  what  direction? 

Prob.  26-2.  A  building  is  supplied  by  a  two-wire  system, 
the  wiring  diagram  of  which  is  as  per  Fig.  25.  Values  on  lines 
represent  the  resistances  of  the  various  sections  of  line  wire. 
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Fig.  25.    The  wiring  plan  of  a  two-story  factory. 


Motor  M  takes  40  amperes.  Each  lamp  takes  4  amperes  and 
the  resistance  of  each  is  constant,  (a)  Find  the  voltage  across 
each  set  of  lamps,  (b)  Draw  a  diagram  indicating  the  amount 
and  direction  of  the  current  in  each  section  of  line. 

Prob.  27-2.  If  the  motor  in  Prob.  26-2  is  not  running,  what 
will  be  the  voltage  across  each  group  of  lamps  in  Fig.  25?  Each 
lamp  is  assumed  to  take  4  amperes. 
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Suggestion:     Let  x  be  the  distance  from  the  power  station  to 
the  train.     The  minimum  voltage  occurs  when  dv/dx  is  zero. 

Prob.  31-2.  A  storage  battery  and  a  motor  armature  are 
connected  through  leads  of  0.5  ohm  resistance  to  form  a  closed 
circuit.  The  chemical  e.m.f.  of  the  battery  and  its  internal 
resistance  are  120  volts  and  0.12  ohm  respectively.  If  the 
motor  armature  has  a  resistance  of  0.45  ohm,  what  e.m.f.  must 
it  generate  by  rotation  in  order  that  the  battery  may  discharge 
at  its  normal  rate  of  10  amperes? 

Prob.  32-2.  Two  storage  batteries  are  connected  in  parallel 
to  be  charged  from  110- volt  mains.  As  110  volts  is  not  suffi- 
cient to  charge  the  batteries  at  the  desired  rate,  a  booster  is 
placed  in  series  with  one  of  the  mains,  connected  so  that  its 
voltage  adds  to  the  line  voltage.  The  e.m.f.  induced  in  the 
booster  armature  is  6  volts  and  the  armature  resistance  is  0.06 
ohm.  The  internal  resistances  of  the  batteries  are  0.20  and  0.33 
ohm  respectively.  The  e.m.f.'s  induced  by  chemical  action 
in  the  batteries  are  108  volts  and  1 10  volts  respectively.  Com- 
pute the  current  in  each  part  of  the  circuit. 


0.006  Ohm 


O.006Ohxn 


Fig.  27.    The  voltage  of  the  "load"  is  made  more  nearly  constant 
by  means  of  the  storage  battery  B  and  the  booster  D, 

Prob.  33-2.  The  power  received  at  AB^  Fig.  27,  is  used  to 
operate  a  group  of  elevators  and  fluctuates  greatly.  A  storage 
battery  (B)  is  used  to  equalize  the  load,  in  conjunction  with  a 
small  dynamo  (D)  called  a  booster.  The  field  coils  of  the 
booster  are  not  shown  and  need  not  be  considered.  The  booster 
is  regulated  in  such  a  manner  as  to  assist  the  battery  to  charge 
when  the  elevators  are  idle  and  to  assist  it  to  discharge  when  their 
demand  is  high. 

The  resistance  of  the  booster  armature  is  0.012  ohm.  The 
internal  resistance  of  the  battery  is  0.015  ohm.     In  its  average 
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from  a  to  6?  (6)  What  is  the  voltage  across  the  battery's  t»- 
minals? 

,  Prob.  87-2.  An  electric  circuit  consists  of  the  armature  of 
a  separately  excited  generator,  two  connecting  wires  and  a 
storage  battery,  all  in  series.  The  armature  has  a  resistance 
of  0.25  ohm  and  generates  an  e.m.f.  of  115  volts  by  its  rotation. 
Each  of  the  connecting  wires  has  a  resistance  of  0.2  ohm.  The 
battery  has  a  resistance  of  0.12  ohm  and  generates  by  chemical 
action  an  e.m.f.  of  108  volts  opposed  in  direction  to  the  e.m.f. 
of  the  generator,  (a)  Find  the  terminal  voltage  of  the  generate. 
(6)  Find  the  terminal  voltage  of  the  battery. 


•^116  V.- 


FiG.  29. 


1.2  Volts 

An  insulation  test  of  a  motor. 


Prob.  38-2.  The  leakage  conductance  of  the  insulation  be- 
tween a  pair  of  wires  in  a  certain  telephone  cable  is  y  mhos  per 
mile.  The  resistance  of  the  conductor  is  r  ohms  per  mile. 
Considering  differential  elements  of  insulation  as  connected  in 
parallel  by  the  conductors,  compute  the  current  input  to  the 
power  end  of  the  line  when  a  potential  of  Vo  volts  is  applied 
to  this  end.  Assume  that  the  distant  end  of  the  line  is  open. 
Compute  the  home-end  resistance  of  the  line  by  dividing  the 
input  voltage  by  the  input  current.     If 

7  =  0.0008  mho  per  mile, 
r  =  53  ohms  per  mile, 
length  of  cable  =  10  miles, 
Vo  =  100  volts, 

compare  the  home-end  resistance  obtained  by  the  above  method 
with  the  leakage  resistance  obtained  by  dividing  the  leakage  re- 
sistance per  mile  by  the  length  of  the  cable.  This  problem  re- 
quires knowledge  of  hyperbolic  functions. 


CHAPTER  III 
ELECTRIC   POWER  AND   ENERGY 

A  current  of  electricity  flowing  along  a  conductor  has  beoi 
likened  to  a  current  of  water  flowing  in  a  pipe.  The  analogy 
in  80  close  that  we  may  use  the  same  method  to  compute 
the  power  required  to  maintain  either  a  current  of  water 
or  a  current  of  electricity. 

22.  The  Power  Equation.  A  pump  which  is  forcing  a 
steady  current  of  /  pounds  of  water  per  second  against  a 
head  or  pressure  of  E  feet  is  doing  work  at  the  rate  ot  I  X  E 
frxit-pounds  per  second.  An  electric  generator  which  is 
causing  a  steady  electric  current  of  /  amperes  to  flow  under 
a  pressure  of  E  volts  is  doing  work  at  the  rate  ot  I  X  E 
volt-amperes. 

Since  power  is  the  time  rate  of  doing  work,  the  pump  is 
said  to  have  a  power  of  I  X  E  foot-poimds  per  second  and 
the  generator  a  power  of  I  X  E  volt-amperes  or  watts. 
In  direct-current  circuits 

1  volt-ampere  =  1  watt. 

In  the  form  of  an  equation  this  is  usually  expressed 

P  =  IX  E, 

in  which 

P  =  power  in  watts,  '  l 

I  =  current  in  amperes, 
E  =  pressure  in  volts. 

For  convenience  1000  watts  is  called  a  kilowatt. 

The  power  equation,  as  well  as  Ohm's  and  KirchhofPA 
laws,  applies  in  simple  form  only  to  direct-current  circuits. 
It  can  also  be  extended  to  cover  the  power  involved  in  the 
flow  of  alternating  currents. 
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power  per  unit  current  and  is  not  a  force  in  the  usual  sense 
of  the  word.  There  is  such  a  quantity  as  an  electric  foice 
which  is  explained  in  Chapter  XIII. 

24.  Use  of  the  Power  Equation.  The  same  precautions 
must  be  exercised  in  the  use  of  the  power  equation  (P  =  IE) 
that  are  exercised  in  the  use  of  Ohm's  law.  The  power 
equation  like  Ohm's  law  may  be  applied  to  the  whole  of  an 
electric  current  or  to  any  part.  But  also,  as  in  the  use  of 
Ohm's  law,  when  the  power  of  the  whole  circuit  is  to  be 
computed,  the  summation  of  the  electromotive  forces  of  the 
entire  circuit  must  be  used  for  E,  Similarly  when  the 
power  of  only  a  part  of  a  circuit  is  to  be  computed,  the  value 
used  for  E  must  be  the  potential  difference  across  that  part 
of  the  circuit  only,  and  the  value  of  the  current  used  for  I 
must  be  the  current  through  the  same  part  of  the  circuit  only. 

2  0b&ia 


6  Amperes 


M 


2  Ohms 


Fig.  31.    The  generator  G  supplies  power  to  the  hne  and  the 

motor  M. 

Example  3.  In  Fig.  31,  the  generator  generates  an  electro- 
motive force  of  250  volts.  The  generator  has  a  resistance  of 
1.5  ohms  and  the  line  wires  have  resistances  of  2  ohms  each. 
What  power  is  delivered  to  the  motor  M? 

=  Current  (through  motor)  X  volt- 
age (across  motor). 

=  electromotive  force  of  generator 
—  IR  drop  in  generator  and  line 
wires  . 

=  250  -  (5  X  1.5)  -  (5  X  4) 

=  222.5  volts. 

=  5  amperes. 

=  222.5  X  5 

=  1112.5  watts 

=  1.11  kilowatts. 


Power  (to  motor) 
Voltage  across  motor 


Current  through  motor 
Power  to  motor 
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Example  4.     How  much  power  is  expended  in  overcoming 
the  resistance  of  the  line  wires  of  Fig.  31? 

Pa  =  /*«  =  ^  -  IEb 

Where 

Pr  =  power  consumed  by  resistance  /2, 

Er  -  voltage  used  in  sending  current  through  R 

=  4  X  5  =  20  volts, 
/     -  current  through  /2, 
P/2  =  /2/g  =  5  X  5  X  4  =  100  watts 


or 


E^R      20X20       ^^       .. 

-  =  100  watts 


R  4 


or 


=  /  ^fi  =  20  X  5  =  100  watts. 

It  may  often  be  necessary  to  apply  both  forms  of  the 
equation  to  one  part  of  a  circuit  in  order  to  determine  how 
the  power  is  consumed  or  expended.  This  happens  when 
power  in  a  given  part  of  a  circuit  is  expended  in  more  than 
one  way. 

Thus  in  the  generator  in  Fig.  30,  the  power  generated  is 
expended  in  two  ways,  —  first,  in  sending  the  5-ampere 
current  through  the  generator  against  the  1.5-ohm  internal 
resistance,  arid  second,  in  delivering  current  to  the  outside 
line. 

Example  5.  How  much  power  is  delivered  to  the  line  by 
the  generator  in  Fig.  31? 

Total  power  generated 

P  =^  IE 
=  5  X  250 
=  1250  watts. 

Power  consumed  by  internal  resistance 

Pr  =  PR 

=  5  X  5  X  1.5 
=  37.5  watts. 

Power  delivered  to  line 

=  P  -  Pfl  =  1250  -  37.6 
=  1212.5  watts. 
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Prob.  1-8.     A  110- volt  motor  having  0.625  ohm  resistani 
receives   4.20   kilowatts   at   its   terminals.     What   mechanical' 
horse  power  is  developed  in  the  motor? 

Prob.  2-3.     Fig.  31a  represents  the  electrical  circuit  of  an 
arc  lamp.     The  voltage  across  the  terminals  is  50  volts,  and 
across  the  arc  alone  it  is  40  volts.     The  arc  takes  6.2  amperes. 
The  resistance  of  the  shunt  coil  S  is  380  ohms.     Find 
(a)  The  power  consumed  by  the  lamp, 
(6)  The  resistance  of  the  ballasting  resistance  R, 
(c)   The  power  consumed  by  the  resistances  S  and  R. 
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Fig.  31a.  The  cir- 
cuits through  an 
arc  lamp. 


Fig.  32. 


C  D 

The  generator  G  supplies  power  to  th^ 
motor  M  and  the  lamps  L, 


Prob.  3-3.  The  motor  M  in  Fig.  32  has  a  resistance  of  1.03 
ohms  and  takes  20  amperes.  Each  lamp  at  L  has  a  resistance 
of  40  ohms  and  takes  2.42  amperes. 

(a)  What  power  is  taken  by  the  lamp  bank  L? 

(6)  What  power  is  taken  by  the  motor? 

(c)  How   much   electrical    power   is   converted  into   me- 

chanical power  in  the  motor? 

(d)  How  much  power  is  lost  in  the  line  wires? 

26.  Measurement  of  Electric  Power.  Since  in  direct- 
current  measurements  the  power  is  the  product  of  the 
volts  and  amperes,  the  combination  of  a  voltmeter  and  an 
ammeter  may  be  used  to  measure  the  power  in  any  part  of 
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actly  similar  manner.  The  relation  is,  however,  true  for 
the  instantaneous  voltage,  current  and  power  in  any  circuit. 
When  used  in  a  circuit  in  which  the  current  and  voltage  are 
varying,  the  wattmeter  gives  a  deflection  corresponding  to 
the  average  of  these  instantaneous  values,  and  hence  shows 
the  actual  average  power  in  the  part  of  the  circuit  to  which 
it  is  connected.  This  cannot  be  done  except  where  the 
wattmeter  arrangement  of  coils  is  used.  Hence  while  a 
wattmeter  is  not  necessary  in  order  to  measure  direct-cur- 
rent power,  it  is  the  only  convenient  way  in  which  alter- 
nating-current power  can  be  measured. 

27.  Electric  Energy.  Since  power  is  the  rate  of  doing 
work,  the  total  amount  of  work  done  or  energy  expended 
in  a  given  time  is  the  product  of  the  power  and  the  time. 
Thus  a  25-horse-power  steam  engine  running  at  full  load  for 
4  hours  does  25  X  4  or  100  horse- power-hours  of  work. 
Similarly  a  25-kilowatt  generator  running  at  full  load  for 
4  hours  delivers  25  X  4  or  100  kilowatt-hours  of  electric 
energy.  A  kilowatt-hour  is  the  energy  delivered  or  re- 
ceived by  an  appliance  in  one  hour  if  the  power  is  main- 
tained at  one  kilowatt. 

Similar  units  of  electric  energy  are  the  watt-hour  and  the 
watt-second  or  joule.  The  values  of  these  are  evident  froni 
the  names. 

1  kilowatt-hour  =  1.34  horse-power-hours. 
1  watt-second  (joule)  =  0.737  foot-pound. 

Prob.  4-3.  If  it  costs  a  total  of  $0.0126  per  kilowatt-hour 
to  generate  electric  energy,  at  what  price  must  it  be  sold  per 
horse-power-year  in  order  to  realize  a  10  %  profit?  Assume  the 
power  is  to  be  used  24  hours  per  day  and  365  days  per  year  in 
a  chemical  plant. 

Prob.  6-3.  A  generator  supplies  for  8  hours  per  day  40  kilo- 
watts at  110  volts  to  a  motor  load  situated  500  feet  !rom  the  gen- 
erator. The  resistance  of  the  line  wires  is  0.049  ohm  per  1000 
feet.  It  costs  $0,056  per  kilowatt-hour  to  generate  electric  en- 
ergy. How  much  money  would  be  saved  in  a  year  of  300  days  by 
doubling  the  voltage  of  the  motors  and  generator  and  supplying 
the  motors  with  the  same  power? 
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Thus 


where 


H  =  0.24  PRt, 

H  ==  heat  generated  in  calories, 

I  =  current  in  amperes, 
R  =  resistance  in  ohms, 

t  =  time  in  seconds. 

Of  course  the  expression  I  Ed  or  — j^   can  be  used  in  the 

place  of  PRt,  providing  Er  represents  just  the  voltage  re- 
quired to  force  the  current  I  through  the  resistance  R. 

Example  7,  An  electric  water  heater  designed  to  operate 
on  110- volt  lines  has  a  resistance  of  15  ohms.  How  long  will 
it  take  to  raise  the  temperature  of  a  cup  of  water  containing 
250  grams  from  10**  C.  to  90**  C,  assuming  no  loss  of  heat 
from  the  cup,  and  neglecting  the  specific  heat  of  the  cup  itself? 

Heat  required  to  raise  250  grams  of  water  80®  C. 


also 


Therefore 


^  =  80  X  250 
=  20,000  calories; 

^=0.24^. 

110  X  no  X  0.24< 


20,000  = 
t  = 


15 
20,000  X  15  '*     • 

110  X  110  X  0.24 
=  103.3  seconds 
=  1.72  minutes. 

29.  Efficiency  of  Transmission.  Regulation.  Since  some 
energy  is  always  transformed  into  heat  whenever  an  elec- 
tric current  flows,  no  scheme  of  transmission  can  have  an 
efficiency  of  100  %.  In  other  words,  the  PR  loss  is  always 
present  in  the  conductors  of  the  transmission  line  whenever 
any  electric  energy  is  being  transmitted. 

The  efficiency  of  transmission  may  be  defined  as  the 
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Power  usod  by  A  =  116  X  20 

=  2320  watts. 
Line  drop  Aio  B  =  IR 

=  16  X  0.375 

=  6  volts. 
Voltage  across  B  =  116  —  6 

=  110  volts. 
Power  used  at  5  =  110  X  16 

=  1760  watts. 
Total  power  used  by  A  and  5  =  2320  -h  1760 

=  4080  watts, 
(check) 

The  regulation  of  a  transmission  line*  is  a  measure  of  the 
drop  in  voltage  when  the  line  is  loaded.  It  is  defined  as 
the  rise  in  terminal  voltage  when  the  load  is  changed  from 
full  load  to  no  load,  divided  by  the  full-load  voltage.  The 
regulation  of  a  generator  or  an  alternating-current  trans- 
former is  defined  in  exactly  similar  manner.  The  regulation 
of  a  transmission  line  should  be  low  in  order  not  to  subject 
the  load  to  undesirable  fluctuations  of  voltage. 

Example  8  (continued).  Assuming  the  load  above  to  be 
full  load  for  the  transmission  line,  we  may  compute  the  reg- 
ulation as  follows: 

Voltage  at  By  full  load  =  110  volts. 
Voltage  at  5,  no  load 

(same  as  generator  voltage)  =  125  volts. 
Change  of  voltage,  no  load  to  full  load,  =125  —  110 

=  15  volts. 

Regulation  =  ^  =  0.136  =  13.6%. 

In  making  this  computation  we  neglect  any  possible 
change  of  generator  voltage  with  load,  as  we  wish  to  oom- 
pute  the  regulation  of  the  transmission  line  only. 

Prob.  7-3.  An  electric  circuit  has  the  form  of  a  loop,  i.e., 
each  conductor  is  connected  to  the  power  station  busbar  of 
like  sign  at  both  ends.  The  loop  is  1.25  miles  long  and  each 
conductor  has  a  resistance  of  0.26  ohm  per  mile.  The  two  bus- 
bars at  the  power  station  have  a  potential  difference  of  575 
volts.     The  loop  circuit  supplies  two  shop  buildings,  one  at  a 
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30.  The  Three-wire  System  of  Transmission.  In  order 
to  transmit  a  given  amount  of  power  over  a  line  with  as 
small  PR  loss  as  practicable,  it  is  necessary  to  make  the 
current  as  small  as  possible.  This  can  be  done  by  increasing 
the  voltage  of  transmission.  Thus  10,000  watts  may  be 
transmitted  in  the  form  of  100  amperes  at  100  volts  pressure 
or  of  50  amperes  at  200  volts  pressure,  or  in  any  other  form 
the  factors  of  which  multiplied  together  equal  10,000  watts. 
But  if  transmitted  as  50  amperes  at  200  volts,  tfie  line  loss 

5Q2 

would  be  only  j^rrr^  or  J  as  much  as  if  it  were  transmitted  as 

lUU 

100  amperes  at  100  volts,  the  same  line  being  used  in  both 
cases.  Thus  doubling  the  voltage  has  decreased  the  line 
loss  to  one-quarter  as  much. 

For  a  given  amount  of  power  transmitted  over  a  given 
line  : 

The  line  loss  is  proportional  to  the  square  of  the  line 

current. 
The  line  current  is  inversely  proportional  to  the  line 
voltage. 
Therefore  the  line  loss  is  inversely  proportional  to  the 
square  of  the  voltage  of  transmission. 

Prob.  11-3.  At  a  certain  place  there  are  available  30  kw. 
of  electric  power.  The  line  wires  from  this  place  to  the  load 
have  a  resistance  of  1.5  ohms  each.  Plot  a  curve  between 
efficiency  of  transmission  and  voltage  at  sending  end  for  values 
of  voltage  varying  from  loo  volts  to  io,ooo  volts. 

In  direct-current  systems,  only  a  limited  advantage  can 
be  taken  of  the  higher  efficiency  of  high- voltage  transmission. 
While  motors  can  be  constructed  for  operation  at  fairly 
high  voltages,  nearly  all  the  other  ordinary  electrical  ap- 
pliances are  operated  most  easily  at  about  110  volts. 

This  is  particularly  true  of  electric  incandescent  lamps. 
A  lamp  constructed  to  operate  at  220  volts  or  550  volts,  for 
instance,  would  be  expensive  and  of  short  life. 

With  alternating  currents  we  are  not  subject  to  limitation 
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on  the  other  10  amperes.  The  rotational  losses  of  the  balancer 
set  amount  to  472  watts  and  are  supplied  from  the  primary 
two-wire  source. 
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Fig.  41.    A  diagrammatic  representation  of  a  generator  with  a 
balancer  set  supplying  power  to  a  three-wire  S3rstem. 

(a)  What  e.m.f.'s  must  be  induced  in  the  two  armatures 
under  the  circumstances  above  described? 

(6)  What  are  the  voltages  between  R  and  /S,  and  S  and  T? 

(c)  What  are  the  voltages  between  R  and  5,  and  S  and  T 
when  the  load  on  each  side  is  80  amperes? 

Prob.  21-3.  If  in  Prob.  20-3  the  load  is  removed  between 
the  lines  R  and  Sj  what  will  be  the  voltages  generated  in  the 
two  armatures  and  what  will  be  the  voltage  across  line  ST 
at  a  load  of  80  amperes? 

Prob.  22-3.  A  garage  storage-battery  set  has  been  proposed 
having  the  following  points:  1st,  a  d-c.  generator  having  a 
70-volt  and  a  105- volt  adjustment,  and  an  internal  resistance 
under  these  two  conditions  of  0.15  ohm;  2nd,  a  smaller  ma- 
chine having  two  armature  coils  capable  of  generating  5  volts 
each.  The  internal  resistance  of  each  5- volt  coil  is  0.04  ohm. 
These  may  be  arranged  so  that  they  separately  buck  or  boost 
the  main  generator  voltage.  In  this  way  combinations  can 
be  obtained  to  give  voltage  from  60  to  115  volts  in  5- volt  steps 
with  the  exception  of  85  volts  and  90  volts.  The  rotatioiial 
losses  in  the  two  machines  total  400  watts.  It  is  desired  to 
charge  7  batteries  of  average  back  e.m.f.  of  11.2  volts  at  a  40- 
ampere  rate  for  8  hours.     Determine  the  arrangement  of  the 
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Prob.  27-3.  If  a  train  moves  from  one  end  of  the  railroad 
referred  to  in  Prob.  26-3  to  the  other  end  and  requires  at  all 
times  a  current  of  800  amperes,  by  what  equation  may  the 
voltage  at  the  train  be  expressed  in  terms  of  its  distance,  X, 
from  the  end  of  the  line?  Draw  a  curve  to  indicate  approxi- 
mately the  general  nature  of  the  relation  between  the  position 
of  the  train  and  the  voltage  acting  on  it. 

Prob.  28-3.  A  railroad  line  is  supplied  with  power  from 
both  ends.  At  one  end  a  power  station  maintains  a  constant 
voltage  between  positive  and  negative  busbars  of  600.  At  the 
other  end  is  a  storage  battery  which  sets  up  an  e.m.f.  of  540 
volts  by  chemical  action.  The  internal  resistance  of  this 
battery  is  0.08  ohm.  The  positive  conductor  is  a  trolley  wire 
in  parallel  with  a  feeder,  the  two  having  a  combined  resistance 
of  0.098  ohm  per  mile.  The  negative  conductor  consists  of  the 
two  track  rails  in  parallel  and  has  a  resistance  of  0.032  ohm  per 
mile.  The  total  length  of  the  line  is  7.2  miles.  If  only  one 
train  is  running  and  is  located  4  miles  from  the  power  station, 
what  voltage  is  applied  to  it  when  it  takes  200  kilowatts? 

Prob.  29-3.  A  generator  supplies  power  to  a  trolley  load. 
Three  miles  from  the  generating  station  is  a  storage  battery 
connected  between  trolley  and  rail.  Two  miles  beyond  the 
storage  battery  is  a  car  taking  50  kilowatts.  The  trolley 
wire  is  #  0000  having  a  resistance  of  0.26  ohm  per  mile.  The 
resistance  of  the  rail  return  (including  both  rails)  is  0.04  ohm 
per  mile.  The  e.m.f.  and  internal  resistance  of  the  storage 
battery  are  respectively  580  volts  and  0.5  ohm.  If  the  battery 
is  discharging  at  the  rate  of  40  amperes,  calculate  the  current 
taken  by  the  car,  the  voltage  at  the  car,  the  current  delivered 
by  the  generator  and  the  voltage  at  the  generating  station. 

Prob.  30-3.  How  far  from  the  generating  station  in  Prob. 
29-3  would  the  car  be  if  the  storage  battery  were  just  floating 
on  the  line  (neither  charging  nor  discharging)?  The  car  still 
takes  50  kilowatts. 

Prob.  31-3.  How  many  kilowatts  must  be  supplied  to  an 
electric  steel  furnace  which  is  to  deliver  1  ton  of  steel  per  hour? 
Consider  10  %  of  the  heat  to  be  lost  in  radiation. 

Average  specific  heat  of  steel  =  0.167 
Average  temperature  of  fusing  point  =  2400**  F. 
Average  latent  heat  =  50  B.t.u.  per  lb. 
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Thus  the  conductivity  of  soft-drawn  copper  at  20**  C.  im 

^  =  0.000001724  =  ^^'^  mh(«entimete«. 
The  conductance  of  a  wire  may  be  computed  from 

G  =  y-i'  (4) 

where  G  is  the  conductance  in  mhos  and  the  other  quantities 
have  the  same  meanings  as  before. 

Another  term  in  common  use  is  "  percentage  conductivity." 
By  this  is  meant  the  percentage  which  the  conductivity  of  a 
certain  material  is  of  the  conductivity  of  Standard  Annealed 
Copper. 

Standard  Annealed  Copper  at  20°  C.  has  a  resistivity  of 
1.7241  microhm-centimeters  and  a  density  of  8.89  grams  per 
cubic  centimeter.  The  conductivity  of  this  standard  is 
called  100%.  The  percentage  conductivity  of  any  material 
is  rated  as  a  certain  percentage  of  this  standard.  Thus  a 
rating  of  95%  conductivity  for  a  material  means  that  the 
material  has  a  conductivity  which  is  95%  of  that  of  stand- 
ard copper,  or  0.95  X  580,000  mho-centimeters  conductivity. 
The  resistivity  of  such  a  material  is  1.724/0.95  microhm- 
centimeters. 

Ordinary  copper  runs  between  98%  and  100%  conductivity, 
but  copper  may  be  obtained  which  is  purer  than  the  Stand- 
ard and  has  more  than  100%  conductivity. 

Aluminum  averages  61%  conductivity. 

Prob.  7-4.  What  is  the  resistance  per  mil-foot  of  a  lot  of 
copper  having  96%  conductivity? 

Prob.  8-4.  What  percent  conductivity  has  a  solid  round 
aluminum  wire  0.365  inch  in  diameter,  one  mile  of  which  has  a 
resistance  of  0.672  ohm  at  20°  C? 

Prob.  9-4.  What  diameter  must  a  copper  wire  of  96% 
conductivity  have  if  a  mile  of  it  is  to  have  the  same  resistance  as 
the  aluminum  wire  in  Prob.  8-4? 

36.  Temperature  Coefficient  of  Resistance.  It  will  be 
noticed  that  when  the  resistance  of  a  mil-foot  of  copper  wire 
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We  have  seen  that  ai  for  copper  at  20°  C.  is  0.00393. 
For  any  other  temperature,  (fe),  the  value  (at)  of  the  tem- 
perature coeflBicient  may  be  found  from  the  equation 

Example  4.  What  is  the  temperature  coefficient  of  resistance 
of  annealed  copper  at  30°  C? 

as  = 


1  +  «i  {T2  -  Ti) 
^  0.00393 

■"  1  +  0.00393  (30  -  20) 

=  0.00378 

Prob.  10-4.  Prove  that  the  above  equation  for  as  is  correct 
and  explain  how  the  coefficient  changes  with  a  change  of  the 
temperature  used  as  a  base,  although  the  resistance  change  per 
degree  is  constant. 

Prob.  11-4.  The  resistance  of  a  copper  wire  is  4.90  ohms 
at  20**  C.     What  is  it  at  80**  C? 

Prob.  12-4.  The  resistance  of  the  field  coils  of  a  generator 
is  220  ohms  at  20**  C.  When  the  coils  become  heated  to  76**  C. 
what  will  the  resistance  be? 

Prob.  13-4.  What  will  the  resistance  of  a  coil  of  copper 
wire  become  at  7**  C,  if  the  resistance  is  200  ohms  at  20**  C.? 

Prob.  14-4.  What  will  the  resistance  of  a  coil  of  copper 
wire  become  at  7**  C,  if  the  resistance  is  200  ohms  at  0**  C? 

Prob.  16-4.  The  resistance  of  a  field  coil  is  130  ohms  at 
12**  C.     What  will  it  be  at  180**  C? 

Prob.  16-4.  What  will  be  the  resistance  of  a  copper  wire  at 
10**  C,  if  the  resistance  at  45**  C.  is  2.08  ohms? 

36.  Temperature  Change  Measured  by  Change  in  Re- 
sistance. Electrical  machines  are  generally  sold  imder  a 
guarantee  that  the  wire  in  the  coils  will  not  rise  more  than 
a  given  number  of  degrees  when  runnmg  under  a  specified 
load  for  a  specified  time. 
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graph  showing  the  relation  between  temperature  and  re- 
sistance. Fig.  43  shows  this  graph  for  Standard  Annealed 
Copper.  For  other  pure  metals  the  slopes  would  vary  some- 
what and  the  intercepts  on  the  horizontal  axis  would  differ 
slightly  from  —234.5°.     The  equation  of  this  curve  is 

ft      234.5  +  h  .J. 

R,      234.5  +  k  ^^ 

Example  6.  The  above  example  would  be  worked  out  as 
follows  by  this  equation. 

U  =  «^(23^J-?1>  -  234.5 

6.32  X  254.5      ^^  .  „ 

= —  2o4.0 

5.48 

=  59.  r. 

U  -ti  =  59.1**  -  20** 
=  39.1**  C.  rise. 

Prob.  17-4.  The  cold  (20°  C.)  resistance  of  an  armature 
was  2.18  ohms.  The  hot  resistance  was  2.56  ohms.  What  was 
the  temperature  rise? 

Prob.  18-4.  It  is  generally  specified  that  the  temperature 
of  the  field  coils  of  a  dynamo  must  not  rise  more  than  65®  on 
full  load.  The  resistance  of  a  set  of  field  coils  before  numing 
was  80  ol:ms  at  20°  C.  After  run  of  3  hours  at  rated  load  the 
resistance  became  92.4  ohms.  Did  the  machine  meet  the  usual 
specifications? 

Prob.  19-4.  The  resistance  of  certain  coils  in  a  machine 
was  found  to  be  7.46  ohms  at  a  temperature  of  40°.  It  was 
specified  that  if  the  machine  ran  continuously  under  full  load, 
the  temperature  of  these  coils  should  not  exceed  105°  C.  (the 
usual  limit).  The  resistance  of  the  coils,  measured  after  a  long 
full-load  run,  was  found  to  be  9.59  ohms.  Did  the  machine 
meet  this  specification? 

37.  Temperature  Coefficient  of  Alloys,  etc.  It  has  been 
stated  that  the  temperature  coeflftcients  of  resistance  for  all 
pure  metals  are  nearly  the  same,  that  is,  somewhere  about 
0.4%.    Alloys,  although  in  general  of  a  much  higher  re- 
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Example  7.  What  copper  wire  (B.  &  S.  gauge)  should  be 
used  to  transmit  electric  power  2  miles  (out  and  back)  if  the 
resistance  is  not  to  exceed  2.7  ohms  and  the  temperature  to  be 
assumed  is  20**  C? 

2  miles  =  2  X  5280  =  10,560  feet. 

2.7 
2.7  ohms  for  2  miles    =  ^-'  ,  ohm  per  thousand  feet 

10.56 


=  0.256  ohm  per  thousand  feet. 


From  wire  table: 


No.  5  =  0.3133  ohm  per  thousand  feet,' 
No.  4  =  0.2485  ohm  per  thousand  feet. 

No.  4  must  be  used  in  order  not  to  exceed  the  limit  of  0.256  ohm 
per  thousand  feet. 

If  the  following  simple  facts  concerning  the  above  table 
are  memorized,  the  gauge  number  and  resistance  and  size 
of  any  wire  can  be  roughly  estimated  without  reference  to 
the  table. 

No.  10  wire  is  practically  -^  inch  (100  mils)  in  diameter, 
or  10,000  circular  mils  area  and  has  practically  1  ohm  re- 
sistance per  1000  feet. 

As  the  wires  grow  smaller,  every  third  gauge  number 
halves  the  section  area  and  doubles  the  resistance.  For 
instance,  No.  13  has  about  5000  circular  mils  area  and  2 
ohms  resistance  per  1000  feet;  No.  16  has  2500  circular 
mils  area  and  4  ohms  per  1000  feet,  etc.  As  the  wires  in- 
crease in  size,  every  third  gauge  number  doubles  the  circular 
mils  area  and  halves  the  resistance;  No.  7  for  instance,  has 
practically  20,000  circular  mils  and  0.5  ohm  per  1(X)0 
feet,  etc. 

Another  simple  method  for  remembering  the  approximate 
resistances  and  weights  of  the  different  gauge  sizes  of  copper 
wires  is  given  in  circular  No.  31  of  the  Bureau  of  Stand- 
ards. 
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Thus  at  45''  the  resistance  is  109.83%  of  what  it  was  at  20^. 
The  resistance  at  20°  therefore  equals 

^•^     XlOO 


109.83 

=    2.48  ohms  for  the  2  miles. 

The  resistance  per  1000  feet     =  -^^ 

10.56 

=  0.235  ohm. 

The  problem  thus  becomes:    What  size  of  wire  has  a  resistance 
of  0.235  ohm  per  1000  feet? 

From  table  (No.  5), 

No.  4  has  a  resistance  of  0.2485  ohm  per  1000  feet, 
No.  3  has  a  resistance  of  0.1470  ohm  per  1000  feet. 

No.  3,  therefore,  must  be  used  in  order  not  to  exceed  0.235  ohm 

per  1000  feet. 

Prob.  20-4.  What  size  wire  (B.  &  S.)  will  give  a  resistance 
of  practically  1  ohm  for  the  circuit  of  the  example  above  at 
35**  C? 

Prob.  21-4.  Thirty-five  50- watt,  110- volt  lamps  are  to  be 
used  in  a  building  so  situated  that  it  requires  200  feet  of  feeder 
wires  (each  way)  from  the  generator  to  the  distributing  point. 
What  size  wire  should  be  run  in  order  that  there  shall  not  be 
more  than  a  3-volt  drop  in  the  feeders? 

Prob.  22-4.  How  far  can  20  amperes  be  transmitted  through 
a  No.  6  wire  (B.  &.  S)  with  4  volts  line  drop? 

Prob.  23-4.  A  coil  for  an  electromagnet  has  800  turns  of 
No.  23  (B.  &  S.)  copper  wire.  The  average  length  of  a  turn  is 
14  inches.     What  is  the  resistance  of  the  coil? 

Prob.  24-4.  It  is  desired  to  construct  a  coil  of  not  more  than 
290  ohms  resistance.  The  coil  must  have  200  turns  of  about 
16  inches  average  length.  What  size  wire  (B.  &  S.)  should  be 
used? 

39.  Stranded  Wire.  On  account  of  their  greater  flexi- 
bility, stranded  cables  are  often  used  instead  of  solid  mres. 
A  stranded  cable  is  much  easier  to  pull  into  a  conduit  and 
less  likely  to  break  when  bent  at  sharp  angles.  When 
a  size  of  wire  larger  than  No.  0000  is  required,  it  is  prao- 
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The  distance  from  the  panel  to  the  load  center* 

of  branches  =     50  ft. 

The  length  of  wire  in  each  branch  =  2  X  50     =   100  ft. 
The  resistance  of  1000  ft.  No.  14  (Table  I)         =  2.626 
The  resistance  of  100  ft.  of  No.  14  =  ^V  of  2.525  =  0.253  ohm 
The  voltage  drop  in  each  branch    =  5.45  X 

0.253  -  1.38  volts 

The  length  of  the  mains  =  2  X  150  ft.  =300  ft. 

The  resistance  of  1000  ft.  of  No.  12  (Table  I)     «  1.688  ohms 
The  resistance  of  300  ft.  of  No.  12  =  0.3  of 

1.588  =0.476  ohm 

The  voltage  drop  in  the  mains  =  16.35  X  0.476  =  7.78    volts 
The  total  drop  from  the  main  switch  to  the 

lamps  =  7.78  +  1.38  =  9.16  volts 

9.16 
The  percentage  line  drop  =  j-rr  =  8.3% 

This  is  nearly  twice  as  great  a  drop  as  is  allowed  in  good 
practice  because  the  brightness  of  the  lamps  would  vary  through 
wide  ranges  depending  on  how  many  were  in  use  at  one  time. 
When  only  a  few  lamps  were  in  use,  the  voltage  of  these  lamps 
would  be  about  the  same  as  that  at  the  main  switch,  110  +  9.16, 
or  about  119  volts.  The  voltage  at  this  main  switch  would 
have  to  be  119  volts  in  order  to  maintain  110  volts  at  the  lamps 
on  full  load.  This  would  cause  the  lamps  to  glow  far  above  their 
rated  candle  power  and  would  either  burn  them  out  at  once  or 
shorten  their  life  to  a  small  percent  of  the  normal  rating.  It 
would,  therefore,  be  necessary  to  install  larger  than  No.  12 
mains.     Lot  us  try  No.  10. 

The  resistance  of  300  ft.  of  No.  10  =  0.3  of  0.9989  =  0.300 
ohm. 

The  drop  in  the  main  =  0.300  X  16.35  =  4.91  volts 
The  total  drop  =  4.91  +  1.38  =  6.29  volts. 

6.29 
The  percentage  drop  =  -^  =  5.72%. 

This  is  still  somewhat  too  large  a  drop.     It  is,  therefore,  neces- 
sary to  use  No.  8  mains. 

*  Note:  The  load  center  is  that  i)oint  on  the  branch  line  at  which, 
for  convenience  in  calculation,  all  lamps  may  be  considered  to  be 
concentrated. 
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measured  between  the  copper  wire  and  the  frame  or  sheath. 
A  moderate  size  of  low-voltage  motor,  as  usually  insulated, 
when  warm  from  carrying  full  load,  should  show  an  in- 
sulation resistance  of  about  a  megohm.  When  cold,  the 
insulation  resistance  will  have  a  value  many  times  this 
amount. 

The  insulation  resistance  of  lead-sheathed  cables  is  often 
measured   to   determine  whether  the  insulation  is  deterio- 
rating.    The  insulating  material  of  a  cable,  when  considered 
as  a  conductor  for  leakage  current,  is  not  of  uniform  cross- 
section.     The  resistance  must  hence 
be  found  by  an  integration. 

Fig.  45  shows  a  cross-section  of  a 
single-conductor  cable.  The  flow  of 
leakage  current  is  radial,  out  from 
the  central  copper  conductor  to  the 
outside  lead  sheath.  The  cross- 
section  of  the  path  varies.  We  can 
consider  it  to  be  made  up  of  a 
number  of  elementary  paths  in 
series. 

Consider  a  centimeter  length  of 
the  cable  (perpendicular  to  the  paper).  Map  out  an  element 
of  the  material  of  thickness  dx  and  radius  x.  If  p  is  the 
resistivity  of  the  material,  the  resistance  of  this  element 
will  be 

pdx 


Fig.  45.  A  cross-section 
of  a  lead-sheathed 
cable. 


dR  = 


2x0; 


To  obtain  the  total  resistance  we  add  the  resistances  of  all 
such  elements  between  x  =  Vi  and  x  =  r2:  that  is, 

^ —  =  -pr-  log^  -  ohms  per  centimeter  of  length.    (8) 
r,   2tx       27r     °c  7-1 

From  this  formula  we  can  compute  the  insulation  resistanOd 
of  a  cable. 


PROBLEMS   ON   CHAPTER  IV 

Prob.  40-4.  How  far  will  a  pair  of  copper  line  wires  trans- 
mit 40  amperes  with  a  line  drop  of  8  volts,  if  the  wire  is  0.262 
inch  in  diameter? 

Prob.  41-4.  What  size  iron  wire  will  have  the  same  re- 
sistance per  mile  as  a  No.  4,  B.  &  S.  copper  wire? 

Prob.  42-4.  To  what  size  copper  wire  is  a  stranded  alu- 
minum cable  equivalent  which  is  made  up  of  19  strands  each 
0.059  inch  in  diameter? 

Prob.  43-4.  How  many  strands  of  aluminum  wire  0.061 
inch  in  diameter  will  it  take  to  make  a  cable  equivalent  to  a 
No.  6  copper  wire? 

Prob.  44-4.  It  is  desired  to  make  a  flexible  aluminum  cable 
equivalent  to  No.  4  copper  wire.  If  strands  of  No.  19,  B.  &  S. 
wire  are  used  how  many  will  be  required?  Cables  are  usually 
made  of  7,  19,  37  or  61  strands.     Use  one  of  these  numbers. 

Prob.  46-4.  What  are  the  cross-sectional  dimensions  of  a 
round  conductor  with  an  iron  core  surrounded  by  copper  having 
a  mean  conductivity  of  40%  at  0°  C,  and  offering  a  resistance 
of  10  ohms  per  mile  at  25°  C?  The  copper  used  has  a  con- 
ductivity of  100  %,  the  iron  16.8  %,  both  at  0°  C.  The  annealed 
copper  standard  of  10.4  ohms  per  mil-foot  at  20°  C.  is  to  be  taken. 

Prob.  46-4.  It  is  desired  to  determine  the  length  of  wire 
and  the  mass  of  copper  on  the  field  winding  of  a  small  dynamo. 
The  percent  conductivity  of  the  copper  is  not  known,  but  the 
specific  gravity  is  taken  to  be  8.89  and  the  cross-section  of  the 
wire  is  found  by  measurement  to  be  1022  circular  mils.  Ac- 
curate measurements  of  the  resistance  of  the  winding  at  two 
temperatures  are  made  with  the  following  results: 

Resistance  at  20°  C.  =  126.5  ohms, 
Resistance  at  70°  C.  =  150.2  ohms. 

From  the  above  data,  calculate  the  length  of  wire  in  feet, 
the  mass  of  copper  in  pounds  and  the  percent  conductivity 
of  the  copper.  With  your  answer,  state  the  reference  book 
and  page  from  which  you  take  any  necessary  additional  data. 
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which  means  that  a  molecule  of  sodium  chloride  splits 
into  a  positively  charged  ion  of  sodium  with  one  excess 
electron  and  a  negatively  charged  ion  of  chlorine  with  one 
electron  less  than  normal.  Polyvalent  atoms  give  rise  to 
ions  with  a  number  of  charges  equal  to  the  valency.  Thus 
if  calcium  chloride  is  dissolved  and  dissociated,  we  have 

CaCl,  <z±  Ca  ++  +  CI-  +  CI".  (2) 

One  molecule  of  the  salt  thus  produces  a  calcium  ion  with 
two  extra  positive  charges  and  two  singly  charged  negative 
chlorine  ions. 

Ions  are  not  necessarily  made  up  from  single  atoms. 
Chemical  groups  or  radicals  may  produce  single  so-called 
complex  ions.  Thus  when  ammonium  chloride  is  dis- 
sociated, we  have 

NH4CI  ^  (NH4)+  +  C1-;  (3) 

that  is,  the  anmionium  radical  produces  a  single  positive 
ion.     On  the  jBnal  dissociation  of  sulphuric  acid  we  obtain 

H2SO4  ^  H+  +  H+  +  (SO4)-  -;  (4) 

that  is,  two  positive  hydrogen  ions  and  a  doubly  charged 
negative  ion  formed  from  the  (SO4)  group. 

There  may  be  several  kinds  of  ions  in  a  solution  simul- 
taneously. Thus  if  sodium  chloride  and  potassium  bromide 
are  dissolved  together,  we  shall  have  positive  sodium  and 
potassium  ions  and  negative  chlorine  and  bromine  ions. 

Not  all  of  the  dissolved  substance  is  dissociated.  A 
greater  proportion  is  split  into  ions  when  the  solution  is 
dilute.  The  proportion  also  varies  greatly  with  the  sub- 
stance used.  Strong  acids  or  bases  are  most  highly  dis- 
sociated. An  acid  may  be  defined  as  a  substance  which 
produces  hydrogen  ions  in  solution;  a  base  as  a  substance 
which  produces  hydroxyl  ions,  that  is,  ions  of  the  form  (0H)~. 
A  strong  acid  such  as  nitric  acid  is  largely  dissociated, 
while  a  weak  acid  such  as  boric  acid  produces  relatively 
few  ions. 
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The  pot(intiaI  produced  on  open  circuit  in  this  manner 
depends  sunply  upon  the  metals  employed  and  not  upon 
the  electrolyte  so  long  as  the  latter  is  chemically  active 
with  respect  to  one  electrode. 

The  elements  may  be  arranged  in  a  table  called  the  po-  j 

tential  series,  which  is  shown  below  for  some  of  the  more  . 

common  elements.  | 

TABLE  \ 

Potential  Series  of  Elements  CoiifPARED  with  Htdbogxn  | 

Manganese +  1 .07  volts 

Zinc +  0.77 

Cadmium  +  0.42 

Iron +.0.35 

Cobalt +  0.23 

Nickel +  0.22 

Tin +  0.19 

Lead +  0.16 

Hydrogen 0 

Copper   -  0.33 

Mercury —  0. 76 

Silver -0.77 

If  two  substances  are  inserted  in  an  electrolyte,  the  chem- 
ical potential  between  them  may  be  found  from  the  above 
table  by  taking  the  algebraic  difference  between  the  voltages 
set  opposite  the  two  elements  in  question.  In  any  electro* 
lytic  coll,  the  voltage  between  the  electrodes  will  then  be 
equal  to  this  voltage  plus  or  minus  the  resistance  drop  in 
the  electrolyte.  The  plus  sign  will  be  used  if  the  current 
is  caused  to  flow  in  a  direction  opposite  to  the  chemical 
voltage  and  the  minus  sign  if  the  current  is  in  the  reverse 
direction.  The  element  highest  up  in  the  table  will  be 
positive  and  hence  the  chemical  voltage  will  be  in  a  direc- 
tion toward  this  terminal. 

A  certain  care  must  be  used  in  employing  this  table  to 
make  sure  that  the  element  used  is  actually  the  one  forming 
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responds  to  one  ion  discharged  and  become  an  ordinary 
atom  which  may  then  enter  into  some  chemical  combination 
or  become  an  atom  of  gas.  The  very  large  number  of 
electrons  given  above  is  hence  also  equal  to  the  number  of 
atoms  in  a  gram-molecule  of  a  substance;  for  example,  the 
number  of  hydrogen  atoms  in  a  gram  of  hydrogen  gas. 
This  number  is  therefore  a  very  important  physical  con- 
stant. 

The  above  rules  may  be  applied  also  to  combinations  of 
atoms  which  appear  as  ions.  Thus  when  sidphuric  acid 
is  dissolved  in  water,  we  have  (SO4)  ~~  ions.  Their  valency 
is  2,  since  each  one  combines  with  two  hydrogen  atoms. 
The  molecular  weight  is  equal  to  that  of  sidphur  plus  four 
times  that  of  oxygen,  or 

32  +  (4  X  16)  =  96. 

The  electrochemical  eqtiivalent  is 

96 
2  X  96,540 

or  approximately  0.0005.  One  coulomb  of  electricity  hence 
discharges  0.0005  gram  of  (SO4)  ions  at  the  anode  when 
passed  through  such  a  solution.  These  discharged  ions 
enter  immediately  into  chemical  combination,  for  SO4  can- 
not exist  uncombined. 

In  applying  the  above  formula  for  quantity  relations, 
great  care  must  be  used  in  several  ways  if  correct  results 
are  to  be  obtained.  Auxiliary  reactions  often  take  place 
and  bring  the  results  into  error.  The  auxiliary  reactions 
may  be  due  to  several  causes.  Several  ions  may  be  pass- 
ing through  the  solution  toward  a  single  one  of  the  elec- 
trodes at  the  same  time.  In  this  case  the  total  number  of 
ions  passed  will  be  governed  by  the  above  rule,  but  the  rule 
does  not  indicate  what  will  be  the  proportion  of  each  kind. 
This  is  determined  by  the  mobilities  of  the  different  ions. 
The  rule  must  therefore  be  used  with  great  care,  and  only 
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Prob.  17-5.  The  vehicle  of  Prob.  15-5  requires  six  horse 
power  output  to  drive  it  at  20  miles  per  hour  and  the  motors 
are  60%  efficient,     (a)  How  far  can  it  be  driven  at  this  speed  ' 

on  one  charge?    (6)  What  is  the  cost  of  energy  per  mile  at  3^  per  ( 

kilowatt-hour?  ^ 

62.  Electrolytic  Refining  of  Metals.  If  both  electrodes 
are  of  the  same  metal,  there  is  very  little  chemical  voltage 
present.  The  only  electrical  energy  used  in  passing  a 
current  through  the  combination  is  that  lost  in  heating  the 
electrolyte.  There  will  always  be  a  minute  chemical  volt- 
age due  to  differences  in  purity  of  the  metals  and  to  differ- 
ences in  concentration  in  the  parts  of  the  solution. 

In  the  electro-deposition  of  metals  for  plating  articles, 
the  cathode  is  always  the  article  to  be  plated,  the  electro- 
lyte a  dissolved  salt  of  the  metal  to  be  plated  and  the  anode  a 
piece  of  the  same  metal  or  an  inert  conductor.  In  the  latter 
case  there  is  a  chemical  voltage  and  the  electrolyte  must 
be  renewed  from  time  to  time.  There  are  many  "  kinks  " 
to  good  plating  technique.  Voltages  from  one  to  six  are 
usually  used. 

Copper,  nickel  and  other  metals  are  refined  by  plating 
them.  Electrolytic  copper  thus  prepared  is  very  pure  and 
is  used  for  wires,  sheets  and  many  other  purposes  where 
even  small  impurities  are  undesirable. 

In  copper  refining,  the  electrolyte  is  copper  sulphate. 
The  impure  metal  is  used  as  the  anode  and  a  thin  sheet  of 
pure  copper  is  used  as  a  starter  at  the  cathode.  A  small 
amount  of  conamon  salt  is  used  to  precipitate  any  silver 
which  dissolves  from  the  anode  and  the  silver  thus  recovered 
pays  a  large  part  of  the  costs  of  the  process.  Over  a  million 
tons  of  copper  are  annually  refined  in  this  manner.  The 
impurities  are  insoluble  in  the  solution  or  are  made  so  by 
the  addition  of  certain  chemicals,  and  thus  do  not  plate  out 
but  appear  as  a  mud  in  the  bottom  of  the  tank.  The  copper 
obtained  is  about  99.95%  pure,  the  chief  impurity  being 
hydrogen  dissolved  in  the  metal. 
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The  electrolyte  is  used  hot  in  large  cells  which  are  usually 
connected  in  series  to  give  a  convenient  voltage  to  handle 
\  and  generate.    A  current  density  of  about  20  amperes  per 

square  foot  of  cathode  is  used.  From  Faraday's  laws, 
about  0.0026  pound  of  copper  is  deposited  per  ampere- 
hour.  Thus  to  deposit  a  ton  of  copper  requires  770,000 
ampere-hours,  or  for  ^  ton  per  cell  per  day,  about  3200 
amperes.  If  this  were  delivered  at  100  volts  for  a  long  series 
of  cells,  a  320-kilowatt  generator  would  be  necessary.  This 
would  supply  about  50  cells,  giving  5  tons  of  metal  per  day. 
Several  series  may  be  used  on  one  large  generator.  If  the 
above  electrical  energy  is  estimated  at  two  cents  per  kilo- 
watt-hour, the  cost  per  pound  for  energy  alone  is  0.15  cents 
per  pound.  A  considerable  fraction  of  the  cost  of  electro- 
lytic copper  refining,  strange  to  say,  is  the  interest  on  the 
investment  in  copper  tied  up  in  the  process. 

Prob.  18-5.  How  long  must  a  current  of  500  amperes  run 
in  an  electro-refining  vat  to  deposit  enough  copper  to  make  one 
mile  of  No.  00  wire? 

Prob.  19-5.  Zinc-coated  iron  is  commercially  known  as 
"  galvanized  iron.''  How  thick  a  plate  of  zinc  will  be  put  on  a 
sheet  of  iron  having  40  square  feet  (both  sides)  if  a  current  of 
12  amperes  runs  for  16  hours  through  the  zinc-plating  solution? 

Prob.  20-5.  If  the  electric  energy  of  Prob.  18-5  costs  1.25^ 
per  kilowatt-hour  and  the  refined  copper  is  worth  18^  per  pound, 
at  what  voltage  must  the  refining  vat  be  run  to  make  the  cost 
of  energy  equal  5%  the  cost  of  copper  refined? 

63.  Electrolysis.  Electrolytic  processes  are  useful  in 
many  ways.  They  enter  into  the  experience  of  an  electrical 
engineer  in  one  way  which  is  not  desirable.  This  is  in 
electrolysis. 

The  earth  is  a  conductor.  Moist  earth  with  some  dis- 
solved salts  present  acts  as  an  electrolyte.  The  resistivity 
of  this  electrolyte  is  high,  but  the  earth  is  so  large 
that  the  total  resistance  of  the  earth  between  two  points 
may    be    low.       In    fact,    the    resistance    between    two 
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produced  commercially  from  the  electrolysis  of  sodium 
chloride  solution  in  specially  constructed  cells.  Fig.  52 
shows  one  room  of  a  chlorine  plant  at  Edgewood,  Md., 
which  produced  12J  tons  of  gaseous  chlorine  per  day.  It 
may  safely  be  said  that  the  electrochemical  industries  will 
expand  rapidly  within  the  next  decade;  in  fact,  their  growth 
is  limited  only  to  the  extent  of  future  electric-power  de- 
velopment. 


CHAPTER  VI 
THE  MAGNETIC  CIRCUIT 

Practically  all  electric  power  machinery  depends  for  its 
operation  upon  the  inter-relation  between  electricity  and 
magnetism.  The  generator,  the  motor,  the  transformer, 
contain  not  only  electric  circuits  but  also  magnetic  circuits, 
and  depend  for  their  operation  upon  the  mutual  effects 
produced  between  the  two. 

66.  Relation  Between  Electricity  and  Magnetism.  When 
an  electric  current  flows  along  a  wire,  there  are  evidences 
of  its  presence  not  only  within  the  wire  itself  but  also  in 
the  space  around  it.  Inside  the  conductor,  the  electric  cur- 
rent produces  heating  and  chemical  effects,  but  it  produces 
magnetic  effects  in  the  space  outside  of  the  wire  as  well 
as  within  it.  As  early  as  1820,  Oersted  discovered  that  a 
compass  needle  in  the  vicinity  of  a  wire  carrying  current 
was  deflected,  and  Ampere,  upon  hearing  of  this  result, 
soon  worked  out  the  law  underlying  this  effect.  This  law 
bears  his  name.  It  is  principally  to  Faraday,  however, 
that  we  owe  the  complete  examination  of  the  quantitative 
relationship  between  electric  current  and  magnetism,  for 
it  was  due  to  his  painstaking  experimentation  and  clear 
logic  that  most  of  the  laws  underlying  present-day  electrical 
engineering  were  discovered  and  put  into  form. 

Without  the  knowledge  of  these  various  relations  be- 
tween electric  and  magnetic  circuits,  there  would  be  no 
electrical  engineering  to-day.  The  physicist  would  have  at 
his  command  only  voltaic  cells  and  weak  permanent  magnets. 
They  would  be  largely  toys,  and  powerful  electrical  machinery 
could  not  exist.  It  is  only  by  the  use  of  coils  carrying  electric 
current  that  powerful  magnetic  fields  can  be  established, 
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and  forces  an  electric  current  through  an  electric  circuit 
consisting  of  a  metal  wire.  Similarly  in  Fig.  54,  a  coil 
carrying  an  electric  current  can  be  caused  to  act  as  a  source 
of  magnetomotive  force,  and  to  force  magnetic  flux  through 
an  iron  core  which  constitutes  a  magnetic  circuit. 

It  will  be  seen  that  in  many  ways  these  two  circuits  are 
similar  and  it  is  found  that  the  laws  governing  them  may  be 
written  in  much  the  same  form.  There  are,  however,  im- 
portant differences,  principal  among  which  differences  is 
the  following.  In  the  electric  circuit,  the  current  produces 
an  effect  in  the  wire  such  as  heating,  even  when  the  current 
is  absolutely  steady.  A  magnetic  flux,  however,  produces 
its  principal  effect  when  it  is  varying  in  the  magnetic  circuit, 
and  in  general  does  not  make  its  presence  felt  when  it  is 
steady.  A  magnetic  circuit  may  carry  a  steady  magnetic 
flux  indefinitely  without  producing  any  heating  of  the 
circuit,  and  consequently  without  any  expenditure  of  energy, 
at  least  so  far  as  the  magnetic  circuit  itself  is  concerned. 
There  are  other  important  differences  which  will  be  brought 
out  below. 
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Fig.  55.    A  change  of  current  strength  in  coil  A  will  set  up  a  voltage 
*  in  coil  B  and  cause  the  voltmeter  to  deflect. 

57.  Measurement  of  Flux.  A  magnetic  circuit  may  be 
constructed  by  making  a  closed  iron  core  and  winding  upon 
it  a  coil  of  wire.  When  a  current  is  passed  through  this 
coil,  as  for  instance  by  using  a  battery  as  shown  in  Fig. 
65,  magnetic  flux  will  be  set  up  in  the  iron.  The  presence 
of  this  flux  may  be  made  apparent  in  several  ways,  but  it 
will  be  convenient  for  us  to  examine  at  this  time  one  way 
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well  (or  one  line)  per  square  centimeter  of  cross-section  is 
called  a  flux  density  of  one  gauss.  In  ordinary  ma^etie 
circuits  constructed  of  iron,  we  employ  flux  densities  of 
many  thousands  of  gausses. 

The  lines  thus  used  to  describe  the  direction  and  intensity 
of  magnetic  flux  do  not  have  any  physical  existence,  any 
more  than  do  the  stream  lines  describing  the  flow  of  water. 
They  are  simply  a  convenient  means  of  describing  the 
magnetic  effect. 

When  electric  current  flows  in  an  electric  circuit,  there  is 
an  actual  transfer  of  electrons  along  the  circuit.  When 
magnetic  flux  flows  in  a  inagnetic  circuit,  on  the  Other  hand, 
we  do  not  now  believe  that  there  is  any  actual  flow  of  any- 
thing. This  is  indicated  by  the  fact  noted  above,  that 
although  an  electric  current  produces  heating  of  the  wire 


Fig.  59.     The  lines  show  the  strains  at  various  parts  of  the  beam. 


while  it  flows,  magnetic  flux,  as  long  as  it  is  steady,  produces 
no  heat  or  chemical  effect  in  the  iron  through  which  it 
passes.  The  magnetic  flux  is  more  nearly  in  the  nature 
of  a  strain  set  up  in  the  material.  The  flux  lines  should  be 
considered  as  being  lines  of  strain  due  to  stress.  We  might 
similarly  indicate  the  direction  and  intensity  of  the  strains 
in  a  beam  under  load  as  shown  in  Fig.  59,  the  horizontal 
lines  representing  the  direction  of  the  strains  at  the  various 
points. 
It  is  important  to  note  that  magnetic-flux  lines  are  always 
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N  is  the  number  of  turns,  but  we  define  the  magnetomotive 

force  as 

y=47riV/, 

where  7  is  the  magnetomotive  force  in  gilberts,  N  is  the 
number  of  turns  and  /  is  the  current  in  abamperes.  If 
the  current  is  expressed  in  amperes,  the  magnetomotive 
force  in  gilberts  will  be 

7=^^NI.  (7) 

The  proportionality  factor,  47r,  is  introduced  in  this 
manner  in  order  to  make  the  values  of  permeability  come 
out  conveniently.  We  shall  see  below  that  if  we  define 
the  magnetomotive  force  in  the  above  manner,  we  can  show 
that  the  permeability  of  air  comes  out  unity.  This  is,  of 
course,  convenient  in  calculation.  In  selecting  electrical 
units,  we  might  have  chosen  a  different-sized  unit  for  the 

*  volt  if  we  had  wished ;  and  if  we  had  chosen  correctly,  the 
resistivity  of  copper  might  have  been  made  to  come  out  as 
unity.  It  would  not  have  been  worth  while  to  do  this  with 
electrical  units,  for  many  different  materials  are  used  as 
conductors  and  their  resistivities  vary  greatly.  On  the 
other  hand,  the  permeabilities  of  almost  all  materials  are 
practically  identical  with  that  of  air,  namely  unity.  There 
are  only  a  few  magnetic  materials  which  have  permeabilities 
differing  greatly  from  unity;  iron,  the  principal  material 
used  in  practice,  may  have  permeabilities  of  several  thousand. 

.  It  is  convenient  to  have  our  unit  of  magnetomotive  force, 
the  gilbert,  so  chosen  that  the  permeability  of  nearly  all 
materials  is  almost  exactly  unity. 

The  flux  flowing  in  a  magnetic  circuit  which  is  interlinked 
by  a  magnetizing  coil  of  a  certain  number  of  turns,  N,  and 
carrying  a  certain  current,  /  abamperes,  can  accordingly 
be  found  from  the  formula 

^      4t  NI , 

fxA 
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Prob.  4-6.  The  magnetizing  coil  in  Fig>  55  has  40  turns 
and  the  ammeter  sho  ws  a  current  of  2  amperes.  What  magneto- 
motive force  is  acting  on  the  magnetic  circuit? 

Prob.  6-6.  If  the  core  is  of  annealed  steel  of  permeability 
2500,  4  square  inches  in  cross-section,  and  of  20  inches  total 
length,  what  is  the  reluctance  of  the  magnetic  circuit? 

Prob.  6-6.  What  flux  will  exist  in  the  core  under  the  above 
conditions? 

Prob.  7-6.  What  is  the  magnetizing  force  and  what  is  the 
flux  density? 

Prob.  8-6.  A  cast-iron  ring  of  square  cross-section,  3  inchefl 
inside  diameter,  4  inches  outside  diameter,  and  0.5  inch  thick, 
is  wound  with  a  coil  of  200  turns.  When  a  current  of  2.7  amperes 
is  passed  through  this  coil,  the  ring  carries  a  total  flux  of  8000 
maxwells,  (a)  What  is  the  permeability  of  the  cast  iron? 
(b)  What  is  the  average  magnetizing  force? 

62.  Reluctances  in  Series  and  in  Parallel.  When  a 
magnetic  circuit  is  uniform,  its  reluctance  may  be  im- 
mediately computed,  provided  its  permeability  is  known, 
from  the  expression 

9i  =  -J  oersteds.  (6) 

If  the  circuit  is  not  uniform,  however,  we  may  still  compute 
its  reluctance,  provided  we  know  the  permeability  of  each 
part,  by  the  same  process  as  was  used  in  computing  the 
resistance  of  a  non-uniform  electric  circuit. 

If  two  reluctances  are  connected  in  series,  the  total  re- 
luctance is  the  sum  of  the  individual  reluctances.  Thus, 
in  Fig.  60,  the  total  reluctance  of  the  magnetic  circuit  shown 
is 

fJLlAl       H2A2 

The  same  method  may  be  used  for  any  other  combination 
of  series  reluctances  we  may  wish  to  consider. 
For  two  reluctances  in  parallel,  the  total  reluctance  is, 
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Prob.  18-6.  (a)  If  the  croea-section  of  the  magnetic  path  in 
Prob.  17-6  were  twice  as  great,  how  many  ampere-turns  would 
be  needed  to  set  up  twice  as  many  maxweUs?  (6)  How  do  you 
account  for  your  answer,  inasmuch  as  there  is  twice  as  much 
iron  being  magnetized  to  the  same  flux  density  as  in  Prob.  17t 

Prob.  l&-ft.  The  U-shaped  magnet  of  Fig.  64  must  Iiave 
100,000  maxwells  in  the  air  gaps  at  ends  A  and  B.  The  core 
C  of  sheet  steel  has  a  mean  length  of  4  Inches  and  o 


Fio.  64.    A  U-shaped  electromognet- 

of  1  square  inch.  The  pieces  D  and  Bare  of  cast  steel,  each  hav- 
ing a  length  of  3  inches  and  a  cross-section  of  Ij  square  inches. 
The  length  of  the  air  gaps  at  A  and  B  is  0.04  inch  each,  and  the 
area  of  each  gap  may  be  taken  as  1^  square  inches.  The  length 
of  the  magnetic  path  through  the  cast-Steel  piece  F  is  4  inches 
and  the  mean  cross-section  is  If  inches.  How  many  turns 
must  be  wound  on  each  of  the  cores  D  and  E  if  the  coils  are  to 
carry  0.45  ampere? 

66.  Flux  Produced  by  a  Given  Numb^  of  Ampere-Tums. 

The  reverse  problem  to  those  in  the  above  article  is  also 
very  simple  when  the  magnetic  circuit  is  uniform,  as  is  the 
case,  for  instance,  in  the  transformer  core  shown  in  Fig, 
63.  Suppose,  for  example,  that  it  is  required  to  find  the 
flux  which  will  be  produced  in  this  core  when  the  mf^et- 
izing  coil  carries  a  current  of  1  ampere.    With  this  current 
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sity  should  be  corrected  in  proportion  to  the  error  found  in 
the  computed  magnetomotive  force. 

It  will  often  be  found  in  solving  problems  of  this  sort  that 
an  allowance  may  be  made  for  the  curvature  of  the  mag- 
netization curves  which  are  being  used,  and  the  work  thus 
shortened  by  rendering  successive  estimates  more  accurate. 
This  should  be  clear  from  Fig.  67,  for  if  we  find  that  4>c  is 
too  great  and  4>b  too  small,  and  we  take  a  mean,  OE,  of 
the  magnetomotive  force,  the  flux  will  be  greater  than  our 
expectation  by  FG. 


O  A  E  D 

Fig.  67.     The  magnetization  curve  of  iron. 


The  work  may  ^Iso  be  shortened  by  making  the  first 
guess  by  neglecting  the  effect  of  the  center  leg  and  consider- 
ing the  simple  remaining  circuit.  The  resulting  flux  den- 
sity gives  a  point  to  start  from  in  the  cut-and-try  process. 

Prob.  20-6.  In  Fig.  66  the  magnetizing  coil  is  of  200  turns 
and  carries  a  current  of  2  amperes.  The  material  of  the  core 
is  annealed  sheet  steel.  The  paths  A  and  C  are  each  50  cm. 
long,  and  leg  B  is  20  cm.  long.  The  cross-section  of  the  mag- 
netic circuit  is  uniform  throughout,  and  of  16  sq.  cm.  area. 
What  will  be  the  flux  density  in  each  part  of  the  circuit?  (If 
the  computations  check  the  given  magnetomotive  force  within 
4%,  the  results  are  as  accurate  as  can  be  expected  \n  practice 
in  view  of  probable  variations  in  the  quality  of  the  steel.) 
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LEASIAGE  FLUX  can  be  computed  by  dividing  the  magneto- 
motive force  across  the  leakage  path  by  the  reluctance  of  the 
leakage  path.  This  reluctance  is  usually  difficult  to  determine 
and  is  generally  estimated. 


182      PRINCIPLES  OF  ELECTRICAL  ENGINEERING 

Prob.  41-6.  Compute  the  leakage  from  the  5  X  Ij-inch 
sides  of  the  "  work  "  to  the  cover  in  Fig.  78, 

Prob.  48-6.  Taking  into  account  the  leakage  flux  as  found 
in  Probs.  37-6,  38-6,  40-6  and  4i-6,  make  a  closer  approxi- 
mation of  the  ampere-turns  necessary  to  set  up  540,000  Unea 
through  a  crosa-section  at  the  center  of  the  "  work  "  than  was 
possible  in  Prob.  35-6,  where  the  leakage  flux  was  n^ected. 


Fio.  79a.    A  magnetic  circuit  made  up  of  two  parallel  pattts. 

Prob.  43-6.  By  what  percentage  will  the  reluctance  of  the  ring 
of  Fig.  79a  be  changed  if  the  material  of  higher  penneabihty  is 
placed  on  the  inside?  The  volume  of  each  material  and  the  over- 
all dimensions  of  the  ring  remain  the  same. 
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Inserting  for  <f>  its  value 

0  =  BA, 
and  for  Qi 

and  canceling,  we  obtain 

B 


J  n 


(5) 


Then  since  B  =  fiH 

this  may  be  written 

'J=  fudl  =  OAirNI.  (6) 

This  expression  may  be  stated  in  words:  the  line  integral 
of  H  about  a  closed  circuit  is  equal  to  fF;  or,  the  line  integral 
of  the  magnetizing  force  about  a  closed  magnetic  circuit  is 
equal  to  OAir  times  the  number  of  ampere-turns  linking  the 
circuit. 

In  the  above,  we  have  assumed  that  H  is  always  in  the 
direction  of  the  length  of  the  magnetic  circuit.  The  law 
above,  however,  has  been  found  to  be  true  in  a  more  general 
way  than  this.  In  fact,  if  we  take  into  account  the  direc- 
tion of  Hf  that  is,  consider  the  above  integral  to  be  a  line 
integral,  the  general  proposition  follows  that  the  line  in- 
tegral of  H  about  any  closed  curve  is  equal  to  0.4ir  times 
the  number  of  ampere-turns  linking  the  curve.  It  will  now 
be  necessary  to  explain  carefully  and  in  detail  just  what  is 
meant  by  this  expression,  for  it  is  important. 

First,  consider  what  is  meant  by  a  line  integral.  If  a 
point,  as  it  moves  along  a  path,  is  acted  upon  by  a  variable 
force,  the  line  integral  of  this  force  along  the  path  is  equal 
to  the  length  of  the  path  times  the  average  value  of  the 
component  of  the  force  in  the  direction  of  the  path.  In 
other  words,  if  at  every  point  of  the  path  we  take  the  force 
multiplied  by  the  cosine  of  the  angle  between  the  force  and 
the  direction  of  the  path,  and  integrate  this  product  over 
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and  canceling,  we  obtain 

B 


(5) 


Then  since  B  =  fiH 

this  may  be  written 

^f=fHdL=OAirNI.  (6) 

This  expression  may  be  stated  in  words:  the  line  integral 
of  H  about  a  closed  circuit  is  equal  to  ST;  or,  the  line  integral 
of  the  magnetizing  force  about  a  closed  magnetic  circuit  is 
equal  to  OAt  times  the  number  of  ampere-turns  linking  the 
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meant  by  this  expression,  for  it  is  important. 

First,  consider  what  is  meant  by  a  line  integral.  If  a 
point,  as  it  moves  along  a  path,  is  acted  upon  by  a  variable 
force,  the  line  integral  of  this  force  along  the  path  is  equal 
to  the  length  of  the  path  times  the  average  value  of  the 
component  of  the  force  in  the  direction  of  the  path.  In 
other  words,  if  at  every  point  of  the  path  we  take  the  force 
multiplied  by  the  cosine  of  the  angle  between  the  force  and 
the  direction  of  the  path,  and  integrate  this  product  over 
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must  be  equal  to  OAtNI,  and  since  the  entire  electric 
circuit  makes  only  one  turn,  N  may  be  taken  as  unity. 
We  have  therefore 

TiJdZ  =  0.4^  Nly  (13) 

or 

2irrH  =  0.4t/,  (14) 

from  which  it  follows  that 

ff  =  — ,  •  (15) 

r 

where  /  is  in  amperes.  If  /  is  in  abamperes,  the  formula 
becomes 

H  =  ^.  (16) 

If  the  wire  is  in  air,  where  the  permeability  is  everywhere 
unity,  B  would  always  be  equal  numerically  to  J?,  as  given  by 

fi  =  — ;  (17) 

that  is,  the  flux  density  at  any  point  near  a  long  wire  in  air 
carrying  current  is  equal  to  0.2  times  the  current  in  amperes, 
divided  by  the  distance  from  the  wire  in  centimeters. 

If  the  wire  is  surrounded  by  a  material  of  a  permeability 
other  than  unity,  we  have 

fi=M-^-  (18) 

Such  a  case  arises  when  a  conductor  is  at  the  center  of  a 
cable  with  an  iron  sheath  as  shown  in  cross-section  in  Pig. 
84.  If  the  thickness  of  the  sheath  is  a,  the  total  flux  per 
centimeter  of  length  in  the  sheath  will  be 

0-2/ 
<^  =  M«-7--  (19) 

27 

It  will  be  instructive  to  derive  the  formula,  H  =  — 9 

r 
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is  equal  to  the  product  Idx  divided  by  i*  and  multiplied  by 
the  cosine  of  the  angle  6  which  a  perpendicular  to  the  wire 
makes  with  the  length  I 

Idx 
dH  =^coae*  (20) 

Under  this  assumption,  the  effect  of  the  total  wire  will  be 
found  by  adding  the  effects  of  all  fhe  elements,  that  is, 
integrating  for  x  along  the  total  length  of  the  wire.  This 
gives 

From  the  geometry  of  the  figure  we  have 

X  =  r  tan  ^,  (22) 

and  differentiating 

etc  =  r  aec^  dS.  (23) 

Also 

i=-^-  (24) 

cos  ^  ^     ^ 

Inserting  these  values  in  the  above  integral,  we  have 

Ucosersec^^^  (25) 


"-: 


J.2 


cos^^ 

where,  since  the  variable  has  been  changed  to  angle  6,  the 
limits  of  the  integral  are  the  limits  of  this  angle,  or  from 
minus  to  plus  a  right  angle.  This  integral  simplified  be- 
comes 

'^  /  cos  6 


H=f_l 


d$,  (26) 


which,  integrating,  gives 

X 

2 


ff  =  ^^[8ino] 


2 


(27) 


*  Note  from  Fig.  85  that  the  quantity  dx  cos  0  is  the  projection  of 
dx  upon  a  line  perpendicular  to  L 
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which  integrated  gives 


H  =  —  sin  a. 
r 


(30) 


This  formula  may  be  used  for  the  magnetic  effect  of  a 
straight  wire  of  finite  length.  If  the  point  P  is  not  situated 
opposite  the  midpoint  of  the  wire,  as  for  instance  in  Fig. 
87,  the  fofmula  evidently  becomes 


H  =  -  (sin  ai  +  sin  a2). 
r 


(31) 


The  objection  may  properly  be  raised  that  it  is  not  cor- 
rect to  speak  of  the  magnetic  effect  of  a  short  straight  wire 
alone  since  electric  current  must  always  flow  in  a  closed 


Fig.  88.    To  find  flux  density  at  P,  the  center  of  a  square  of  wire  carry- 
ing a  current. 

circuit.  A  short  straight  wire  may,  however,  become  a 
part  of  a  closed  magnetic  circuit,  and  the  total  effect  of 
the  whole  circuit  is  found  by  the  sum  of  the  effects  of  its 
parts.  Suppose,  for  example,  that  we  wish  to  find  the 
flux  density  at  the  center  of  a  closed  square  of  wire  carrying 
a  current  /,  as  shown  in  Fig.  88.  This  will  evidently  be 
four  times  the  effect  of  one  side,  or 

5  =  H  ==  —  sin  a. 
r 
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to  that  of  A,  since  both  magnetizing  forces  are  perpendicular 
to  the  line  joining  the  centers  of  the  two  wires.  The  mag- 
netizing force  of  B  is. 

since  the  cmrent  in  the  two  wires  is  /.  The  total  magnetizdng 
force  is  hence 

Since  the  wires  are  in  air,  the  same  expression  holds  for  the 
flux  density;  that  is, 

^  =  2<i  +  F^>  (35) 

The  total  flux  passing  between  the  two  wires  may  be  found 
by  integrating  this  expression,  thus 

'^-""'irii+D^y'      (36) 

=  2  /[lo&x  -  log,(D  -  x)Y~'  (37) 

D  —  r 

=  4  /  loge maxwells  per  centimeter  of 

r 

line, 

=  2  /  logg maxwells    per     centimeter 

length  of  wire.  (38) 

This  expression  will  be  of  use  to  us  later. 

The  field  at  some  point  not  on  the  line  joining  the  two 
wires  may  be  found  by  combining  the  values  of  H  at  the 
point  in  accordance  with  the  laws  of  vectors  as  shown  in 
Fig.  90.  Since  the  two  forces  now  are  not  in  the  same  direc- 
tion, they  must  be  added  vectorially  instead  of  algebraically. 
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to  the  figures  showing  the  distribution  of  flux  about  such 
wires,  it  is  seen  that  this  action  may  be  interpreted  by  stating 
that  flux  lines  tend  to  crowd  apart  when  running  parallel  to 
each  other,  and  on  the  other  hand  tend  to  shorten  in  length. 
The  first  effect  tends  to  push  the  coils  of  wires  apart  when 
they  carry  current  in  opposite  directions,  and  the  second 


FiQ.  92.    The  shape  of  the  magnetic  field  about  two  parallel  conductors 

carrying  current  in  the  same  direction. 

effect  tends  to  draw  wires  together  when  they  carry  current 
in  the  same  direction,  much  as  if  they  were  surrounded 
by  a  series  of  rubber  bands.  We  shall  later  compute  the 
amount  of  this  force  and  show  its  great  importance  in  elec- 
trical work. 

Prob.  1-7.  What  is  the  line  integral  of  /T  at  a  radius  of  2.5 
inches  about  a  straight  wire  carrying  25  abamperes? 

Prob.  2-7.  In  order  to  produce  a  flux  density  /T  =  6 
gausses  at  a  point  3  inches  from  the  center  of  a  straight  wire 
in  air  in  a  plane  perpendicular  to  the  wire,  what  must  be  the 
current  in  amperes? 

Prob.  3-7.  Plot  the  flux  density  for  points  on  a  line  per- 
pendicular to  the  axis  of  a  wire  which  is  carrying  a  current  of 
1  abampere. 

Prob.  4-7.  A  rectangle  3 .  by  5  inches  carries  a  current  of 
3  amperes.  What  is  the  flux  density  at  the  intersection  of 
the  diagonals  if  the  effect  of  the  leads  may  be  neglected? 

Prob.  5-7.  What  flux  is  enclosed  by  a  pair  of  No.  000  cop- 
per wires  spaced  6  feet  between  centers  and  of  one  mile  length 
each  when  /  =  30  amperes?     Neglect  the  end  effects. 
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Let  us  now  examine  the  magnetizing  force  produced  at  the 
center  of  an  arc  of  one  centimeter  radius  and  one  centimeter 

length,  as  shown  in  Fig.  99,  when  a 
current  of  one  abampere  flows.  Since 
the  leads  are  carried  off  on  radii  they 
will  exert  no  magnetizing  force  at  P. 
The  magnetizing  effect  of  the  arc  is 
found  by  an  integral  similar  to  that 
used  for  the  effect  of  a  single  turn, 
except  that  the  limits  of  integration  will 
now  be  simply  zero  to  one;  that  is, 


Fig.  99.     Field  at  P 
is  produced  by  1  cm. 
arc  of  1  cm.  radius 
with  P  as  center. 
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.2 


(50) 


which  gives  for  /  =  1,  r  =  1,  the  simple  expression 

ff  =  1. 

The  effect  of  this  arc  of  a  circuit  is  therefore  to  produce 
a  unit  magnetizing  force  at  the 
center.  We  are  thus  led  to  a  new 
statement,  which  if  we  wish  may 
be  used  as  a  definition  of  unit  cur- 
rent: 

One  abampere  is  that  current  which 
flowing  in  a  \mit  length  of  an  electric 
circuit .  bent  into  an  arc  of  unit  radius 
will  produce  unit  magnetizing  force 
at  the  center  of  the  arc. 


The  flux  density*  produced  in  air 
by  a  concentrated  coil  of  wire  as 
shown  in  Fig.  100  of  N  turns  and 
carrying  a  current  of  /  amperes,  is 
evidently 


Fig.  100.  A  circular 
concentrated  coil  of 
many  turns. 

(61) 


< 
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very  thin  insulation  so  that  a  cross-section  had  the  appear- 
ance of  Fig.  104,  the  current  around  the  coil  would  closely 


Fio.  103.    A  solenoid. 

approximate  a  "  current  sheet."    The  following  treatment 
assumes  such  a  current  sheet  to  flow,  although  most  coils  are 
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Fig.  104.  A  solenoid  may  be  considered  to  be  made  up  of  squaie  wiras 
having  a  very  narrow  space  between  them.  This  would  mean  that 
practically  a  sheet  of  current  flows  around  the  coil. 

constructed  of  round  wires  and  thus  depart  from  these  con- 
ditions. For  this  reason  the  following  treatment  is  an  approx- 
imation. 


ooooooooooooooooo 

i     I  : 

1 


Fin.  105.     Find  the  magnetizing  force  at  point  P,  the  center  of  the 

solenoid. 

We  will  first  investigate  the  field  strength  at  the  center 
point  of  the  solenoid.     Point   P,  Fig.  105,  is  the  centcftl 
point  of  the  solenoid. 
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NI 

In  the  width  of  winding  dx  there  will  be  — r-  dx  amperes. 

This  is  the  current  in  the  element.     The  projection  of  dc 
on  a  line  perpendicular  to  a  line  joining  it  with  P  is 

dc  cos  a, 

which  is  equal  to  ad<t>  since  d</>  is  a  differential  angle.     The 
distance  from  the  element  to  P  is  equal  to  6. 

Accordingly  for  the  portion  of  the  magnetizing  force  due 
to  this  element  we  have 

dH,=^X^dx  (76) 

where  i^  =  (a^  +  a?). 

This  magnetizing  force  will  not  be  parallel  to  the  axis  of 
the  solenoid,  but  will  have  a  component  which  is  parallel 
and  one  which  is  perpendicular  to  the  axis.  The  perpen- 
dicular component  need  not  be  considered  because  it  will 
cancel  out  when  the  entire  length  of  the  strip  on  the  surface 
of  the  solenoid  is  taken  into  account;  for  to  each  element 
dx  at  a  distance  x,  there  corresponds  an  element  on  the  op- 
posite side  of  the  center  and  at  an  equal  distance,  in  which 
we  have  the  magnetizing  force  directed  as  indicated  by  the 
dash-line  R  and  hence  with  an  equal  and  opposite  component 
perpendicular  to  the  axis.  We  need  therefore  consider  only 
the  horizontal  component.  To  obtain  the  component 
parallel  to  the  axis,  we  have  only  to  multiply  the  value  of 
the  force  d  Hp  (Equation  76)  by  the  cosine  of  the  angle 
6,  Fig.  106.  Call  this  component  dHd4,.  Thus  the  mag- 
netizing force  parallel  to  the  axis  of  the  coil  at  any  point 
P  within  the  coil  and  due  to  current  in  an  element  of  the 
winding  is 

,  rr         (id<t>  ^ .  NI        ^  ,  ,-^. 

dHd4>  =  -rj-  X  -7— cos  6  dx.  (77) 

The  effect  of  a  strip  of  dc  width  and  running  the  entire  leqgth 
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Find  the  total  flux  set  up 

(o)  In  the  slot  in  which  the  conductor  lies; 

(6)  In  the  air  at  the  ends  of  the  teeth  R  and  8\ 

(c)  In  the  slots  u  and  v; 

(d)  In  the  air  at  the  ends  of  the  teeth  x  and  y. 


CHAPTER  VIII 
INDUCED   VOLTAGES 

We  have  seen  in  previous  chapters  that  when  flux  is  varying 
through  a  coil,  there  is  a  voltage  produced  in  the  coil.  In 
this  chapter  we  will  consider  some  of  the  immediate  laws 
governing  voltages  and  currents  induced  in  this  way. 

79.  Change  of  Linkages.  Lenz's  Law.  The  general  law 
may  be  stated  as  follows.  Whenever  the  flux  linkages  with 
a  coil  are  changing,  there  is  a  voltage  induced  in  the  coil. 

We  have  learned  that  this  induced  voltage  is  proportional 
to  the  rate  of  change  of  the  flux.  In  fact,  we  defined  the 
maxwell  as  that  amount  of  flux  which  would  produce  one 
abvolt-second  impulse.  If  the  flux  through  a  coil  changes 
by  one  maxwell,  the  time  for  the  change  occupying  one 
second,  there  will  be  produced  in  the  coil  one  abvolt. 

The  voltage  produced  in  a  coil  is  thus  equal  to  the  rate  of 
change  of  flux  linkages  through  it;  that  is, 

^=  AT^abvolts,  (1) 

where 

E  =  the  voltage  produced  in  abvolts, 
N  =  the  number  of  turns, 
0  =  the  flux  in  maxwells. 

If  E  is  to  be  expressed  in  volts,  we  must  introduce  the 
factor  10"^  to  convert  from  the  c.g.s.  units  to  the  practical 
system,  thus: 

E  =N^  10-«  volts.  (2) 

The  direction  of  the  induced  voltage  may  be  determined 
by  the  following  law:  an  induced  voltage  is  always  in  such 
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voltage  is  first  applied.  The  time  taken  for  it  to  reach  any 
given  fraction  of  its  final  value  is,  hewever,  a  perfectly  defi- 
nite matter. 

Prob.  9-8.  In  Fig.  133,  let  /^  =  10  ohms,  L  =  0.0001  henry 
and  ^  =  15  volts.  How  long  after  the  switch  is  closed  will  the 
current  rise  to  one-half  and  three-fourths  respectively  of 'its 
final  value?  Plot  the  growth  of  the  current  by  finding  five 
points. 

Prob.  10-8.  If,  in  Prob.  9-8,  L  is  made  1.0  henry,  find  the 
time  as  before. 

Prob.  11-8.  If  the  circuit  of  Fig.  135  has  the  following  con- 
stants: 

/?  =  50, 

L  =  0.5, 

E  =  100, 

r  =  12  (internal  resistance  of  battery), 

and  the  switch  is  closed  when  the  current  has  reached  its  final 
value,  at  what  rate  will  th'e  current  be  decreasing  when  t  = 
0.008  second?  What  will  be  the  time  necessary  for  the  current 
to  reduce  to  half  its  original  value?  What  is  the  initial  rate  of 
decrease? 

82.  Time  Constant.  The  greater  the  inductance  of  the 
circuit,  that  is,  the  more  inertia  it  has,  the  longer  it  will 
take  for  a  given  electromotive  force  to  set  up  a  given 
amount  of  current  through  it.  With  a  fixed  value  of  induc- 
tance, moreover,  the  greater  the  value  of  resistance  asso- 
ciated with  it,  the  less  will  be  the  final  value  of  current 
obtained,  and  accordingly  the  more  quickly  will  a  given 
electromotive  force  reach  any  given  fraction  of  this  final 
value.  The  addition  of  a  resistance  thus  masks  the  efifect 
of  the  inductance.  The  less  inductance  a  circuit  has,  the 
more  quickly  a  current  can  be  built  up  through  it.  The 
more  resistance  it  has,  on  the  other  hand,  the  less  current 
can  be  passed  through  any^vay;  and  so  the  less  will  the 
effect  of  the  inductance  be  felt. 

We  can  express  these  facts  exactly  by  saying  that  the  cir- 
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or 

/ 


(29) 


and  since 

f  =  2.718, 

it  may  be  written  if  we  wish  (using  2.718  as  a  8u£5ciently 
precise  vtdue  of  «) 

*  =  2:^/ =  0.368  7.  (30) 

The  time  constant  of  an  inductive  circuit  is  hence  the  time 
in  which  the  current  will  decrease  to 


of  its  original  value  after  the  electromotive  force  of  the 
circuit  is  removed.     The  curve  for  the  increase  of  the  cur- 
rent, Fig.  138,  is  exactly 
the  same  as  the  curve  of 
Fig.  137,  except  that  it  is 
turned  upside  down.    We 
may  accordingly  state  the 
time  constant  of  a  circuit 
as  follows.    The  time  con- 
stant of  a  circuit  is  the  time 
after     the     electromotive 
force    of    the     circuit    is 
changed  for  the  current  in 
the  circuit  to  make  approxi- 
mately sixty-three  percent 
of    it^    complete     chai^. 
For  a  current  starting  at  zero,  it  is  the  time  after  the  electro- 
motive force  is  applied  for  the  current  in  the  circuit  to  reach 
approximately  sixty-three  percent  of  its  final  value.    The 
exact  percentages  may  be  worked  out  to  as  great  an  ao- 
cursey  as  desired  from  the  known  value  of  e. 


Fig.  138.    The  current  would  reach 
the  value  -5  in  ^  or  T  secoads  if 
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Call  the  force  necessary  to  effect  this  separation  2F,  that 
is,  the  force  per  air  gap  F,  Then  the  mechanical  work  done 
in  separating  the  pieces  of  iron  will  be  the  force  times  the 
distance  moved,  or 

Fdh  ergs. 

This  work  done  must  be  equal  to  the  additional  energy  now 
stored  in  the  field;  that  is, 

Fdh  =  —^  dh  ergs.  (60) 

Dividing  by  dh  we  obtain 

F  =  ^  dynes.  (61) 

The  magnetic  pull  in  an  air  gap  is  hence  proportional  to 
the  area  and  to  the  square  of  the  flux  density.  If  B  is  in 
gausses  and  A  is  in  square  centimeters,  the  force  will 
be  given  in  dynes,  since  the  dyne  is  the  c.g.s.  unit  of  force. 
Converting  this  expression  to  the  practical  system,  we  ob- 
tain 

F  =  0.014  B^A  pounds,  (62) 

where 

F  is  the  force  in  pounds, 

A  is  the  cross-sectional  area  in  square  inches, 

B  is  the  flux  density  in  kilolines  per  square  inch. 

It  should  be  carefully  noted  that  the  pull  is  proportional 
to  the  square  of  the  flux  density.  For  a  given  amount  of 
flux,  the  greatest  pull  will  therefore  be  obtained  when  this 
flux  is  confined  to  a  small  cross-sectional  area.  An  example 
will  make  this  clear. 

In  Fig.  141  is  shown  a  simple  form  of  lifting  magnet. 
Let  us  assume  that  the  pole  face  Pi  has  a  cross-sectional  area 
of  ten  square  inches,  while  P2  has  a  cross-sectional  area  of 
five  square  inches.    Assume  that  the  magnetizing  coil  forces 
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Design  a  coil  for  use  as  a  standard,  of  inductance  10  millihenries. 
This  inductance  coil  is  to  be  used  for  low  frequencies,  con- 
sequently it  may  be  made  of  No.  18  d.c.c.  (double  cotton  cov- 
ered) wire,  diameter  over  cotton  0.048  inch. 


294      PRINCIPLES  OF  ELECTRICAL  ENGINEERING 

creases  the  tot&l  flux  by  5  Duxwells,  what  is  the  change  in  poll 
on  the  diapbragmT  If  the  effect  of  the  permaaeot  magnets 
were  removed,  and  with  the  same  pole  faces  and  diaphragm, 
what  would  be  the  pull  exerted  on  the  diaphragm  by  5  max- 
wells? 


Fin.   147.     A  series  contactor. 

Prob.  44-8.  Design  the  winding  for  the  magnetic  chuck 
of  Fig.  148  so  that  it  will  hold  to  its  face  in  intimate  contact 
with  a  total  force  of  1200  pounds  a  cast-iron  billet  or  bar  of 
the  dimensions  shown.  The  material  used  throughout  the 
construction  of  the  chuck  is  cast  steel.    Allowable  watts  per 


Via.  148.    A  magnetic  chuck. 


square  inch  of  coil  (curved)  radiating  surface  0.5.  The  impressed 
voltage  is  230.  Neglect  leakage  in  the  air  gap.  Select  the  size  of 
wire,  determine  the  total  length  by  finding  the  mean  length  of 
one  turn  and  multiplying  by  the  number  of  turns  (see  "Ameri- 
can  Machinist,"  1915,  article  by  Fiah). 
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I 

1 

1 

i: 
J. 
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B  gausses 

+  12000 
+  11250 
+  10000 
+  9000 
+  8600 
+  8200 
+  7600 
+  7000 
-f  6500 
+  5250 
+  3600 

-  250 

-  2800 

-  4000 

-  6900 

-  8500 

-  10250 

-  12000 

-  11100 

-  10500 

-  9200 

-  7800 

-  3200 
+  100 
+  3100 
+  5800 
+  8400 
+  10000 
+  12000 

From  a  plot  of  this  data  to  the  same  scale  as  that  used  in  Prob. 
7  S,  dotorniino  the  coercive  force  and  the  residual  magnetism. 
Superimpose  this  plot  on  a  plot  of  the  data  of  Prob.  7-8,  and 
sketch  the  mean  magnetization  curve  as  determined  by  the 
points  of  the  two  hysteresis  loops. 

Prob.  10-9.  The  coefficient  of  hysteresis  loss,  ly,  determined 
from  the  above  data  is  0.00192  and  the  exponent  of  B«^^. 
1.50,  which  agrees  experimentally  with  the  exponent  1.6  as 
determined  by  Steinmetz.  What  would  be  the  watts  loss  per 
pound  for   this  specimen  at  60  cycles? 


H  gilberts /cenim 

+  66.5 

+  41.0 

+  19.0 

+    9.0 

+    5.5 

+    3.0 

0 

-    2 

-    4 

-    7 

-  10 

-  15 

-  19 

-20.5 

-27.5 

-34 

-44 

-  66 

-  32 

-  22.5 

-  10.0 

0 

+  10 

+  15 

+  19 

+  25 

+  35 

+  46 

+  66.5 
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a  =  cross-section  of  magnet, 

I  =  length  of  magnet  (mean  length  of  lines  of  force  in 
the  permanent  magnet), 

then  for  permanency,  the  ratio 

A       I 
L      a 

should  be  greater  than  100.  This  ratio  is  known  as  the  per- 
manency factor.  Determine  the  permanency  factor  for  the 
magnet  above;  also  the  flux  density  in  the  air  gap  and  in  the 
iron  if  the  flu-x  crossing  the  gap  is  8.51  X  10^  maxwells. 

Prob.  14-9.  A  direct-current  relay  has  a  resistance  of  4 
ohms  and  is  operated  by  a  6-volt  storage  battery.  The  arma- 
ture of  this  relay  starts  to  pick  up  for  a  flux  of  20,000  maxwells. 
Since  the  magnetic  circuit  is  made  of  iron,  the  flux  is  not  pro- 
portional to  the  current.  An  empirical  relation  between  flux 
and  current  which  is  reasonably  accurate  is  as  follows: 

80  m 

4>  = 


1  -\- 0,002  Ni 


where  N  is  the  number  of  turns  and  in  this  case  is  equal  to 
500.  Assume  that  every  flux  line  links  all  of  the  turns.  What 
time  after  the  relay  is  connected  to  the  battery  will  elapse 
before  the  armature  starts  to  pick  up?  The  internal  e.m.f .  of  the 
battery  is  6  volts,  the  internal  resistance  0.01  ohm  and  the 
resistance  of  the  leads  from  relay  to  battery  is  0.19  ohm. 

Prob.  16-9.  In  60-cycle  transformers  with  silicon-steel  cores, 
containing  3  to  4  percent  silicon,  the  hysteresis  loss  is  from 
0.54  to  0.82  watt  per  pound  of  core.*  Using  the  value  of  rj 
in  the  Steinmetz  equation  as  0.0007,  compute  the  maximum 
flux  density  at  which  the  steel  is  worked  when  the  loss  is  0.54 
watt  per  pound.     The  specific  gravity  of  steel  is  7.5. 

Prob.  16-9.  Compute  the  limiting  values  of  tj  in  the  Stein- 
metz equation  for  ordinary  annealed  steels  which  have  hys- 
teresis losses  of  from  1.0  to  2.0  watts  per  pound  at  a  flux  density 
of  64,500  lines  per  square  inch  and  at  a  frequency  of  60  cycles.* 

Prob.  17-9.  A  220- volt  relay  has  a  straight  cylindrical  iron 
core,  the  length  and  diameter  of  which  are  respectiyeljr  2^ 
inches  and  f  inches.    It  is  wound  with  fifteen  hundred  turns, 

*  Trans.  A.  I.  E.  E.,  vol.  XXVIII,  page  466. 
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flux  lines.    If  t;  is  the  peripheral  speed  of  the  coil  we  shall 
have  at  this  instant  a  voltage  generated 

Blv 


EmuL   — 


10» 


volts, 


(7) 


Fig.  166.    The  form  of  voltage  curve 
induced  in  the  coil  of  Fig,  161  and  165. 


where  I  is  the  length  of  total  conductor  in  the  coil  which  is 
active.    The  length  I  thus  includes  only  the  length  of  the 

wire  which  lies  in  the 
*  direction  perpendicular 

to  the  paper.  The  end 
connections  of  the  coil 
which  lie  in  planes  par- 
allel to  the  paper  have 
no  voltage  generated 
in  them  since  they  do 
not  cut  across  the  lines 
of  force. 

This  arrangement  is 
called  an  alternator,  or 
an  alternatmg-current  generator.  It  produces  a  voltage 
which  varies  with  the  time  in  the  manner  shown  in  Fig. 
166.  The  frequency  of  this 
voltage  is,  in  cycles  per 
second,  the  number  of  revolu- 
tions per  second  of  the  coil 
in  the  arrangement  shown. 

Obviously,  if  such  an  ar- 
rangement as  Fig.  165  were 
used,  the  reluctance  of  the 
air  gap  would  be  large  and 
a     large     magnetizing     coil 

would  be  necessary  in  order  to  force  the  necessary  constant 
working  flux  across  the  long  gap.    To  obviate  this  diflSculty 
the  arrangement  used  in  practice  is  more  as  shown  in  Fig. 
167. 
The  revolving  coil  is  situated  in  slots  in  an  iron  armature 


Fig.  167.  To  decrea.se  the  reluc- 
tance of  the  magnetic  path,  the 
coil  is  wound  on  an  iron  core. 
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18  carrfully  japanned  in  order  to  |Nievent  contact  between 
the  sheets. 

The  foUowing  analysis  will  show  the  magnitude  of  the 
eddy-current  loss  to  be  expected,  as  weU  as  the  effect  of 
subdividing  the  material  into  thin  sheets,  the  effect  of  re- 
sistivity and  so  on. 

Let  us  consider  first  the  eddy-current  loss  in  a  ring  which 

completely  surrounds  a  magnetic  circuit. 
Such  an  arrangement  is  shown  in  Fig. 
179  and  a  long,  thin  copper  ring  is  shown 
because  of  its  bearing  on  the  losses  in 
laminations  to  be  considered  below.  The 
iron  piece  which  threads  this  ring  we  will 
consider  as  carrying  a  flux  0.  This  flux 
is  varying,  and  due  to  its  variation  there 
is  a  voltage  generated  which  causes  cur- 
rent to  flow  around  the  short-circuited 
copper  ring.  The  amount  of  loss,  that 
is,  the  PR  in  the  ring,  caused  by  this 
current  is  to  be  computed. 

We  will  consider  the  ring  to  be  long 
and  narrow,  so  that  the  resistance  of  its 
ends  can  be  neglected  in  comparison  with  the  resistance  of 
the  sides.    The  resistance  then  is 


Fig.  179.  A  thin 
copper  strip  sur- 
rounding an  iron 
bar  in  which  the 
magnetic  flux  is 
changing. 


/?  =  p  — ?  ohms » 
ao 


(8) 


where  p  is  the  resistivity  of  the  material  of  which  the  ring  is 
constructed*.  If  i,  a  and  6  are  in  centimeters,  then  p  must 
be  in  ohms  per  centimeter  cube  of  the  material. 

When  the  flux  is  changing,  there  will  be  a  voltage  gener- 
ated of  value 


e  =  ^  10-8  volts, 


(9) 


SUMMARY   OF  CHAPTER  X 

A  CHANGE  m  THE  NUMBER  OF  FLUX  LINKAGES 
with  an  electric  circuit  produces  a  voltage  in  the  circuit 

d^ 
e  -N5flO-«  volts, 
at 

WHEN  MAGNETIC  LINES  OF  FORCE  ARE  CUT  B7  A 
CONDUCTOR  an  electromotive  force  is  set  up  in  the  con- 
ductor. This  is  only  another  way  of  stating  the  above  fact. 
The  same  equation  applies  to  both  ways  of  regarding  the 

phenomenon.    In  the  latter  case,  —  means  the  rate  of  cutting 

the  lines  of  force.  IF  THE  THUMB,  FOREFINGER  AND 
MIDDLE  FINGER  of  the  right  hand  are  extended  at  right 
angles  to  one  another,  the  thumb  pointing  in  the  direction  of 
the  motion  of  the  conductor  and  the  forefinger  in  the  direction 
of  the  flux,  the  middle  finger  will  point  in  the  direction  of  the 
generated  voltage.  AN  ALTERNATOR  MAKES  USE  OF  THE 
PRINCIPLE  of  changes  in  flux  linkages  or  the  cutting  of  lines 
of  force  to  set  up  an  alternating  electromotive  force.  BY 
CAUSING  THE  RATE  OF  CUTTING  OF  LINES  OR  CHANG- 
ING IN  FLUX  LINKAGES  TO  VARY  SINUSOIDALLY,  an 
alternating  electromotive  force  having  a  sine-wave  form  is 
produced. 

e  =  EmazSin  a)t, 
where 

e  =  the  instantaneous  voltage, 

o)  -  the  angular  s^ed  of  the  coil  in  electrical  radians  per 

second, 
t   ^  the  time  elapsed  in  seconds. 

BY  ATTACHING  A  SWITCHING  DEVICE  CALLED  A 
COMMUTATOR  to  the  revolving  element  of  an  alternator, 
the  alternating  electromotive  force  produced  in  the  armature 
may  be  delivered  to  the  brushes  as  a  direct  electromotive  force. 
IN  A  HOMOPOLAR  GENERATOR,  the  armature  moves 
through  a  field  of  constant  intensity  and  always  in  the  same 

362 
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(c)  To  each  value  of  flux  there  corresponds  a  definite  mag- 
netizing current.  Plot  the  curve  of  this  current.  This  may 
be  done  by  choosing  values  of  flux  and  obtaining  the  oorrespond- 
ing  values  of  current  from  the  magnetization  curve. 

(If  the  hysteresis  loop  of  the  iron  were  used,  instead  of  the 
magnetization  curves,  the  resulting  current  curve  would  be  dis- 
torted, but  more  nearly  correct.) 

(d)  Compare  the  results  of  Prob.  23-10  and  24-10.  Why 
does  a  sinusoidal  current  correspond  to  a  nonsinusoidal  voltage, 
and  vice  versa? 


CHAPTER  XI 
FORCE  ON  A  CONDUCTOR 

It  is  an  axiom  that  every  electric  generator  is  reversible; 
that  is,  that  if  electric  power  in  the  proper  form  is  suppUed 
to  a  machine  used  as  an  electric  generator,  it  will  tend  to  nm 
as  an  electric  miotor.  In  order  that  such  d.  machine  may 
operate  satisfactorily  as  a  motor,  it  is  generally  necessary  to 
make  certain  a^ustments  of  brushes,  rheostats  etc.,  apd  to 
add  auxiliaries  such  as  starting  motors  and  speed-limiting  de- 
vices, but  the  fact  remains  that  the  tendency  is  present  in 
the  machine  to  operate  as  a  motor.  All  that  is  necessary 
is  the  proper  control  and  regulation  of  this  tendency. 

102.  Force  on  a  Conductor  Carrying  a  Current.  We 
have  seen  that  when  a  conductor  is  moved  sideways  in  a 
magnetic  field,  there  is  a  voltage  generated  in  the  conductor. 
This  principle  gives  rise  to  the  electric  generator.  There  is 
another  principle  which  is  somewhat  similar  and  which 
makes  possible  the  electric  motor.  Whenever  a  conductor 
is  situated  in  a  magnetic  field  and  not  parallel  to  the  flux 
and  is  canying  an  electric  current,  there  is  a  force  upon  the 
conductor  which  tends  to  move  it  sideways  through  the 
field. 

Thus  in  Fig.  183,  the  conductor  shown  situated  in  a 
uniform  field  and  carrying  a  current  which  flows  from  back 
to  front  is  acted  upon  by  a  force  which  tends  to  push  it  up. 
In  order  to  find  the  direction  of  a  force  on  a  conductor,  we 
can  use  the  left-hand  rule.  It  will  be  remembered  that  the 
right-hand  rule  was  used  for  a  generated  voltage.  The 
left-hand  rule  is  similar  and  is  used  for  a  motor.  If  the 
thumb  and  first  two  fingers  of  the  left  hand  are  held  per- 
pendicular to  one  another,  the  forefinger  pointing  in  the 

367 
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force  is  used  to  deflect  a  pointer  and  thus  gives  a  measure 
of  the  amount  of  current  flowing. 

Portable  instruments  of  this  sort  are  usuaUy  constructed 
as  shown  in  Fig.  185.  The  cross-section  of  the  core  and  poles 
is  shown  in  Fig.  186.     Mi  and  Mt  are  the  poles  of  a  per- 


manent magnet  which  is  constructed  in  such  a  manner  as 
to  have  a  very  constant  value  of  field  strength.  C  is  a  eoft^ 
iron  core  cylindrical  in  form  and  situated  between  the  po'es. 
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which,  if  we  assume  for  the  moment  that  we  can  neglect  the 
inductance  of  the  galvanometer,  is  equal  to 


J/ed/.  (10) 


We  have  seen  in  a  previous  chapter,  however,  that  the 
total  amount  of  flux  linking  a  measuring  coil  can  be  found 
from  the  expression 

4>  =  j  edt  maxwells,  (11) 

and  so  the  total  amount  of  flux  can  be  found  from  the  de- 
flection of  a  ballistic  galvanometer  connected  to  the  meas- 
uring coil. 

The  reason  why  the  deflection  of  a  ballistic  galvanometer 
is  proportional  to  g,  that  is,  to  the  quantity  passing  through 
it,  is  as  follows.  The  force  acting  on  the  coU  is  proportional 
to  the  current,  since  the  coil  is  situated  in  a  field  of  constant 
flux  density.  The  acceleration  of  the  coil  is  proportional  to 
this  force;  that  is, 

^  =  iCiF  =  K2h  (12) 

where  Ki  and  K2  are  proportionality  factors.  The  initial 
velocity  acquired  by  the  coil  is  therefore 

V  =  Kifidt,  (13) 

which  we  have  seen  is  proportional  to  the  flux.  The  de- 
flection of  the  coil  depends  simply  upon  the  initial  velocity 
given  to  it,  just  as  the  deflection  of  a  ballistic  pendulvun  used 
to  measure  the  velocity  of  a  bullet  depends  simply  upon  the 
initial  velocity  imparted  to  it.  The  deflection  of  the  bal- 
listic galvanometer  which  is  proportional  to  its  initial 
velocity  will  thus  be  proportional  also  to  the  total  nuinber 
of  flux  linkages  changed  in  the  measuring  coil. 

In  this  expression  we  have  neglected  the  inductance  of 
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This,  however,  is  exactly  the  expression  which  we  obtained 
for  the  back  electromotive  force.  In  other  words,  under 
very  light  loads  a  motor  will  run  at  such  a  speed  that  the 
back  electromotive  force  approximately  equals  the  applied 
electromotive  force.  This  must,  of  course,  be  true  only 
when  a  small  current,  that  is,  a  small  input,  is  to  flow  into  the 
machine.  Suppose  that  we  have  a  machine  which,  when 
run  as  a  generator  at  1000  revolutions  a  minute,  delivers 
a  voltage  of  220  volts.  Let  us  maintain  the  flux  of  this  ma- 
chine* strictly  constant,  and  connect  it  to  a  supply  giving 
220  volts,  in  order  to  run  it  as  a  motor.  If  it  is  lightly  loaded, 
it  will  run  at  approximately  the  same  speed  as  before,  that  is, 
at  a  speed  slightly  less  than  1000  revolutions  per  minute. 

When  a  motor  is  loaded,  the  current  will  increase,  for  of 
course  its  input  must  increase.  In  the  speed  equation, 
therefore,  the  term  IR  increases  and  the  speed  accordingly 
drops.  A  constant-flux  motor  will  thus  slow  down  slightly 
as  the  load  is  applied.  It  will  not  slow  down  much,  for  it 
is  necessary  to  decrease  the  speed  only  enough  so  that  the 
difference  between  E  and  Eb  is  sufficient  to  force  the  load 
current  through  the  small  internal  resistance  of  the  motor. 

Suppose,  for  instance,  that  the  above  motor  is  loaded  until 
its  input  is  440  watts,  that  is,  until  the  current  is  2  amperes. 
If  the  internal  resistance  of  the  machine  is  4  ohms,  the 
term  IR  in  the  speed  equation  will  be  8  volts.  The  speed 
under  this  load  will  therefore  be 

^        1  220  -  8 


Oo  =  -f?  — :— > 


and  comparing  this  with  the  speed  at  no  load 

1.220 
K    4> 

we  see  that  the  speed  is  decreased  in  the  ratio 

&^212. 
So     220 ' 
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the  foot  of  the  wall  the  busses  extend  out  15  feet  perpendicularly 
to  the  wall.  These  horizontal  sections  are  supported  by  in- 
sulators spaced  5  feet  apart,  the  first  pair  being  directly  under 
the  vertical  parts  of  the  busses.  At  both  ends  the  busbars  are 
attached  to  twin  cables.  Consider  the  busbars  hinged  at  the 
bends  and  treat  the  horizontal  parts  as  "  simple  beams.*'  If 
the  busbars  carry  6000  amperes, 

(a)  What  vertical  stresses  due  to  this  current  will  be   put 
upon  the  pair  of  insulators  which  are  5  feet  from  the  wall? 

(6)  What  horizontal  stresses  will  be  set  up  in  these  same 
insulators? 

(c)  What  will  be  the  total  added  stress  on  these  insulators? 

Prob.  26-11.  If  the  vertical  and  the  horizontal  sections  of 
the  busses  in  Prob.  24-11  instead  of  being  15  feet  long  were 
so  long  that  they  could  be  considered  infinite  in  length,  what 
would  be  the  answers  to  parts  (a),  (6)  and  (c)  of  that  problem? 

Prob.  26-11.  If  the  busses  of  Prob.  24-11  were  spaced  12 
feet  instead  of  12  inches  on  centers,  what  would  be  the  an- 
swers to  parts  (a),  (6)  and  (c)  of  that  problem? 

Prob.  27-11.  Three  parallel  conductors  are  strung  at  the 
corners  of  an  18-inch  equilateral  triangle.  At  a  given  instant 
conductor  A  is  carrying  100  amperes  in  a  given  direction,  and 
B  and  C  are  carrying  50  amperes  each  in  the  opposite  direction. 
What  is  the  amount  and  direction  of  the  magnetic  force  ex- 
erted at  this  instant  on  100  feet  of  each  conductor? 

Prob.  28-11.  If  the  three  conductors  of  Prob.  27-11  had 
been  strung  in  one  plane  and  the  outside  wires  spaced  18  inches 
from  the  center  wire,  what  would  be  the  answers  to  that  prob- 
lem, if 

(a)  Conductor  A  were  an  outside  wire? 
(6)  Conductor  A  were  the  middle  wire  ? 
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but  temperature  changes  when  they  occur  are  comparatively 
slow,  so  that  the  flow  of  the  current  at  any  time  can  readily 
be  computed  by  using  the  resistances  of  the  several  parts 
of  the  circuit  at  that  particular  instant. 

Electric  circuits  are  generally  constructed  of  metal  wires, 
so  that  the  above  type  of  conductor  is  most  important  from 
a  practical  standpoint.  There  are,  however,  a  large  num- 
ber of  devices  of  various  sorts  which  utilize  conduction  of 
a  different  nature.  Such  conduction  is  not  in  accordance 
with  Ohm's  law.  This  law  and  the  other  laws  of  circuits 
cannot  be  applied  in  such  exceptions  without  several  modifi- 
cations. It  is  therefore  necessary  that  we  make  special 
study  of  apparatus  to  which  Ohm's  law  does  not  apply. 

107.  Non-Metallic  Conduction  of  Electricity.  One  form 
of  non-metallic  conduction  we  have  studied  under  the 
heading  of  electrolytic  conduction.  This  we  have  seen  to 
consist  of  the  movement  of  charged  ions  through  the  body 
of  a  liquid.  Conduction  through  an  electrolyte  is  accom- 
panied by  a  movement  of  the  molecules  themselves,  and 
hence  is  in  distinction  to  conduction  through  a  metal  where 
the  molecules  of  the  material  itself  are  fixed  in  position. 

Another  type  of  non-metallic  conduction  which  is  of  great 
importance  is  the  conduction  through  gases.  The  laws 
which  govern  conduction  through  gases  are  at  the  basis 
of  the  construction  of  mercury-arc  rectifiers,  arc  lights, 
some  types  of  lightning  arresters,  X-ray  tubes  and  a  multi- 
tude of  other  devices.  They  also  govern  the  corona  loss  from 
transmission  lines  and  much  of  the  behavior  of  insulations. 

In  addition  to  gaseous  conduction  proper,  there  is  a  form 
of  conduction  depending  upon  thermionic  emission.  This 
is  at  the  basis  of  the  thermionic  tube,  which,  not  to  men- 
tion its  use  in  radio  practice  and  other  places,  has  an  ex- 
tensive use  in  telephony  as  a  repeater.  There  are  also 
in  use  several  devices  which  do  not  obey  Ohm's  law,  the 
action  of  which  cannot  be  explained  as  simply  electrolytic 
or  gaseous  in  nature-     Among  these  phenomena  may  be 
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Fio.  194.  When  the  filament  is  heated  and  an  electric  potential  is  ap- 
plied between  the  filament  and  the  cold  plate  electrons  pass  from  the 
filament  to  the  plate. 


Plate  Voltaice 

Fig.  195.  The  curve  shows  the  relation  existing  between  plate  potential 
and  plate  current  if  the  filament  temperature  of  Fig.  194  is  main- 
tained constant. 
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portional  to  the  force  on  the  electron,  and  this  is  equal 
to  the  charge  of  an  electron  multiplied  by  the  potential 
gradient  at  the  point  in  question.  By  potential  gradient 
we  mean  the  volts  per  centimeter  which  exist  at  the  jwint 

in  question.  It  is  meas- 
ured in  abvolts  per  centi- 
meter, if  we  are  working 
in  the  c.g.s.  system.  If 
the  electric  field  is  uni- 
form, the  potential  grad- 
ient is  equal  to  the  volt- 
age between  the  plates 
divided  by  the  distance 
between  them.  That  is, 
if  1000  volts  exist  be- 
tween plates  which  are 
three  centimeters  apart, 
we  have  a  potential 
gradient  between  them 
of  333  volts  per  centimeter.  If  the  field  is  not  uniform,  the. 
gradient  varies  from  point  to  point. 

When  we  have,  in  an  evacuated  device,  a  heated  filament 
and  a  cold  plate  between  which  electrons  pass,  the  speed 
which  the  electrons  attain  may  be  computed  in  the  following 
manner.  In  passing  between  filament  and  plate,  their 
change  of  potential  energy  is,  of  course,  the  integral  of  force 
times  the  distance  between  the  plate  and  the  filament. 
This  will  be  equal  to  the  kinetic  energy  which  they  acquire. 
This  gives  rise  to  the  equation 


Fig.    201.     The  thermionic  tube  as  an 

oscillator. 


fSdx 


mo^ 


(2) 


If  X  is  the  potential  gradient  and  q  is  the  charge  on  the 
electron,  then 

S  =  Xq  (3) 


rmrpBfT  dsuuMie  jiuhi  tiMF^on-  vt  aUDwed  over  smfants 


Fio.  203a.  A  llMl»-«*«r  uu  a  v«t  boEfamg  (luiinf  a  msu  a  pttHntm) 
of  305,000  TtiiU  wu  baof  applied  wfacfi  tbbpkuire  wxs  bUwn.  fW 
General  Ekebie  Co. 

in  part  to  a  surface  layer  of  moisture  (at  ewn  a  ^xtri'^iv 
which  appears  dr>-.  Hie  a^^jearance  of  such  m  Htuih-^iv^r  on 
a  wet  bushing  is  shown  in  Fig.  203a 

Prob.  »-«.  A  ]2&-iiuIliiueta- diameter  ^ph^rc  is  siotntnt  ,\,i 
millimeters  above  the  Boor,  which  is  of  metal.  Whitl  (xHoit- 
tial  will  be  necessary  between  sphere  and  floor  ti>  chxiiiip  a  !>|tHrk 
to  pass?    Assume  standard  conditions. 
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\ 


where  V  is  the  line  voltage,  and  c  is  a  constant,  dependent  ot^ 
spacing,  diameter  of  wire  and  atmospheric  conditions.     Vois  i\s!^ 
voltage  at  which  the  corona  first  appears.    Jf  power  costs  2|f" 
cents  per  kilowatt-hour  to  generate  and  sells  for  4  cents  per  kilo^ 
watt-hour,  compute  the  theoretical  voltage  at  which  this  line 
will  operate  when  bringing  the  greatest  income.     Neglect  the 
effect  of  line  drop  upon  corona  loss.     (In  practice  the  operating 
voltage  would  be  detenmned  by  many  other  additional  con- 
siderations.) 
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Fig.  205. 


Relation  between  current  and  voltage  of  an  arc 
between  metal  electrodes. 


Prob.  28-12.  An  arc  between  metal  electrodes  has  the  charac- 
teristic shown  in  Fig.  205. 

(a)  Plot  a  curve  using  as  abscissas  the  values  of  current,  and 
as  ordinates,  the  values  of  the  minimum  resistance  that  must  be 
placed  in  series  with  the  arc  to  give  stable  operation. 

(6)  Plot  a  curve  of  voltage  across  both  arc  and  resistance  for 
the  conditions  in  (a),  using  the  same  abscissas. 
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many  factors.  For  instance,  any  such  material  as  oil  tends 
to  absorb  moisture,  and  the  percentage  of  moisture  content 
greatly  affects  the  dielectric  strength.  This  is  particularly 
true  of  transformer  oil.  Even  one-tenth  of  one  percent  of 
moisture  dissolved  in  the  ofl  will  reduce  the  dielectric  strength 
to  less  than  ten  percent  of  full  value.  The  temperature  also 
has  a  large  effect.  In  general,  the  higher  the  temperature 
of  the  material,  the  leSs  will  be  its  dielectric  strength.  Fi- 
nally, it  should  be  mentioned  that  the  length  of  time  diuing 
which  the  voltage  is  applied  to  the  specimen  is  a  great  fac- 
tor, —  certain  substances  that  will  stand  up  for  one  minute 
under  a  voltage  of  125,000  volts  per  centimeter  will  break 
down  under  80,000  volts  per  centimeter  applied  for  a  half  hour. 

In  practice,  in  constructing  insulators  great  care  must  be 
used  that  no  air  pockets  are  left  in  the  material.  If  there  is 
a  bubble  of  air  in  a  dielectric  which  is  subjected  to  high 
stress,  the  air  in  the  bubble  may  be  broken  down  although 
the  material  itself  is  far  below  puncture  voltage.  In  such 
a  case,  ionization  produced  in  the  bubble  results  in  a  great 
deal  of  heating.  This  heats  the  insulator  locally  and  often 
causes  it  to  break  down  where  it  would  otherwise  have  been 
fully  strong  enough  for  the  conditions  at  hand. 

The  proper  design  of  an  insulator  brings  in  many  factors. 
For  instance,  in  designing  an  insulator  for  a  transmission 
line,  we  must  first  construct  it  so  that  there  is  sufficient 
dielectric  strength  of  the  material  to  avoid  puncture  under 
the  maximum  voltage  gradient  which  will  occur.  Second, 
it  must  have  sufficient  surface  so  that  it  will  not  break 
down  between  wire  and  ground  over  the  surface  of  the  ma- 
terial. This  is  the  reason  that  insulators  are  constructed 
with  a  deeply  corrugated  surface  or  with  petticoats,  as 
shown  in  Fig.  206.  Also  these  petticoats  must  be  of  such 
shape  that  when  it  rains,  there  will  be  enough  surface  of 
the  insulator  left  dry  to  stand  the  applied  potential.  In 
addition,  of  course,  the  insulator  must  be  strong  enough  to 
stand  the  mechanical  stresses  which  are  brought  to  bear 
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the  pump  operates.  During  the  period  when  the  pump  is  ac 
celerating,  there  will  be  a  flow  of  water  in  the  pipe  which  wilL 
soon  cease.    If  the  pump  is  stopped,  there  will  be  a  flow  of 


Fio.  211.    When  the  pump  is  stsrted  a  current  flows  for  a  short  period 
until  the  diaphragm  is  stretched  to  its  maximum. 

water  back,  and  the  diaphragm  will  spring  back  to  its  mid- 
position. 
Similarly,  if  an  electric  condenser  is  connected  in  series 
with  a  generator,  as  shown 


s 


in  Fig.  212,  and  the  gen- 
erator started,  there  will 
be  a  brief  flow  of  current 
around  the  circuit  for  a 
moment  after  the  generator 
is  started,  but  the  flow  will 
soon  stop  if  the  generator 
speed  and  hence  the  volt- 
age remain  constant.  If 
the  generator  is  stopped, 
and  the  voltage  thus  re- 
moved, there  will  be  a  flow  back  through  the  circuit  for  a 
short  period  of  time. 


Fio.  212.  If  the  switch  S  is  dosed 
and  the  generator  started,  a  cur- 
rent will  flow  for  a  moment  as  in 
Fig.  211. 
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and  integrato 

log,i^^^+A,  (29) 

where  A  is  a  constant  of  integration.  To  determine  i, 
note  that  when  i  =  0,  that  is,  when  the  switch  is  first  closed, 
the  current  is  simply  E/R,  for  at  that  time  there  is  no  charge 
on  the  condenser  to  oppose  th^flow  of  current.  This  relation 
may  be  obtained  also  from  equation  (19)  by  inserting  t  =  0. 
Since 

<  =  0 
and  .      E 


we  have 


R 


il  =  l0ge|>  (SO) 


and  inserting  this  in  (29) 


loge  i  =  -  ^  +  loge^'  (31) 

or 

R 
This  equation  can  also  be  written  in  the  form 

~=€-^,  (33) 

R 

or 

E  -  1. 
i  =  ^€  Hc  (34) 

This  is  the  equation  for  the  charge  of  a  condenser  through 
a  resistance.  It  is  plotted  in  Fig.  218.  We  note  that  when 
the  switch  is  closed,  the  current  starts  off  at  full  value  E/R 
and  exponentially  falls  to  zero.  This  curve  is  exactly  similar 
to  the  transient  by  which  the  current  dies  out  in  an  inductive 
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time  it  would  take  the  current  to  fall  to  zero  if  it  continued 
to  decrease  at  its  initial  rate. 

The  charge  on  the  condenser  at  any  instant  is  given  by 
integrating  the  expression  for  current,  or 


This  gives 


=  /  i  dU 


(38) 


Rcdt  (39) 

=  -  ECi'Rc] 

=  ^C(l-€~^).  (40) 

The  final  charge  on  the  condenser  is 

Q=  EC, 

so  that  we  may  write 

5  =  0(l-€"^).  (41) 

The  charge  therefoi^  increases  exponentially  to  its 
final  value  in  accordance  with  the  curve  of  Fig.  219.  The 
same  time  constant  as  before  applies  to  this  curve  also. 

Prob.  16-18.  The  circuit  of  Fig.  217  has  the  following  con- 
stants : 

R  =  50  ohms, 

C  =  5  microfarads, 

J^  =  100  volts, 

r  =  2  ohms  (internal  resistance  of  the  battery). 

(a)  At  what  rate  will  the  current  be  decreasing  0.006  second 
after  the  switch  is  closed? 

(b)  What  time  will  be  necessary  for  the  current  to  decrease 
to  half  its  initial  value? 

(c)  What  is  the  initial  rate  of  decrease? 

(d)  What  is  the  value  of  the  current  when  t  'p  CB7 


i 
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(a)  Current  at  instant  of  switch  closing, 

(6)  Rate  of  decrease  of  current  at  instant  of  switch  dosi^^' 

(c)  Time  in  which  charge  on  the  condenser  is  reduced  one-h^^' 

(d)  Charge  left  on  condenser  after  0.008  second. 


Fig.  223.  The  discharge  curve  showing  the  relation  between  the  charge 
on  a  condenser  and  the  time  of  discharge.  The  diarge  on  the  con- 
denser decreases  upon  discharge  through  a  resistance  according 
to  this  curve. 

124.  Energy  Relations.    Referring  to  Fig.  217,  the  equa- 
tion 


E^iR+^Ji 


dt 


(47) 


applies  to  the  current  and  voltage  relations  during  charge  and 
expresses  the  fact  that  at  any  instant  the  applied  voltage 
E  is  partly  used  in  overcoming  the  iR  drop  in  the  resistance, 

and  partly  in  opposing  the  back  voltage,    ^  j  i  dty  of  the 

condenser.    Multiply  the  equation  by  t,  ^^^  we  have 


Ei  =  i^R  + 


pj  idt. 


(48) 


This  expresses  the  fact  that  of  the  power  input  Ei  at  any 
instant,  a  part  i^R  is  used  in  heating  the  resistance,  and  the 
remainder 


,fi  dt 


18  stored  in  the  condenser. 
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resistance  during  the  process  of  charging  the  condenser. 
This  is, 


-X 


00 


i*Rdt.  (56) 


Putting  in 


• 

t  =  —  €    RCf 

we  have 

Wr  =  J       -^6    RC(U, 

and  integrating 

2            Jo 

(57) 


(58) 


EHJ 


(59) 
(60) 


This  gives  ns  a  curious  fact.  When  a  condenser  is  charged 
through  a  resistance  from  a  constant  potential  source,  ex- 
actly half  of  the  energy  put  in  is  lost  in  the  resistance,  and 
the  other  half  is  stored  in  the  condenser.  This  is  true  no 
matter  whether  the  resistance  is  large  or  small.  If  the 
condenser  is  charged  from  a  voltage  source  which  is  gradu- 
ally increasing  as  the  condenser  charges,  not  nearly  as  much 
energy  will  be  lost. 

Prob.  21-18.  A  condenser  of  1.00  mf.  capacitance  is  charged 
to  500  volts.  How  much  energy  is  stored  in  it?  Express 
answer  in  ergs,  joules  and  kilowatt-hours. 

Prob.  22-18.  How  much  energy  is  stored  in  a  condenser  of 
0.005  mf.  capacitance  when  charged  to  a  pressure  of  100,000 
volts?     Express  answer  in  ergs,  joules  and  kilowatt-hours. 

Prob.  23-18.  The  condenser  of  Prob.  21-13  has  a  resistance 
of  25  ohms  in  series  with  it. 

(a)  At  what  rate  is  energy  being  stored  in  the  condenser  0.08 
second  after  the  switch  is  thrown? 

(6)  At  what  rate  is  energy  being  consumed  in  the  resistance 
at  the  same  instant? 
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The  total  eleotroetatic  force  at  P  is  expressed  by 

F  «  F^  +  f  J,  *  2Q(i  +  ^-^)  statvolts  per  centimeter. 

^"^     ^      ""^  (96) 

Since  the  voltage  between  the  wires  must  be  the  integral  of 
the  potential  gradient  between  the  wires, 

E  =f     ^  Fdx  statvolts  (97) 

or 

Integrating  this  expression  we  obtain 

iS;  =  4  0  log,  ^^^  statvolts .  (98) 


But 


C=|-  (99) 


Therefore  substituting  (98)  in  (99)  we  have 

C  = ^  g  _     = ~-^  statfarads     (100) 

401og.-y-^     41og,-j:— ^ 

per  centimeter  of  line. 

1  statfarad  =  ^  ^^  ,^  microfarad 

9  X  10* 

and  ,      S  -  r      ^o  ^  \      S-r 

log.— ^  -  2.3  X  log  — — 

Therefore 

2.54  X  12  X  5280 


C 


2.3X4X9X  10* log  ^ ^ 


microfarads  per  mile  of  line.       (101) 


1      S  -  r 
log — z — 
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m 

The  difneiwioDs  are  in  oentimeterB;  A  is  the  CTOBs-sectiooal 

area  of  the  dielectric.    Since  we  are  considering  unit  length 

of  the  cable, 

A  =  2  TZ. 

Now  the  total  condenser  can  be  considered  to  be  made  up 
of  these  elementary  condensers  in  series.  In  the  case  of 
condensers  in  series  we  have  seen  that  to  obtain  the  reciprocal 
of  the  total  capacitance,  we  must  find  the  sum  of  the  re- 
ciprocals  of   the    individual   capacitances.    Inserting   the 

value  of  A,  we  have 

\     J     dx 

Cat       2irxaK' 
To  obtain  the  total  capacity  we  must  integrate  this  re- 
ciprocal to  cover  all  the  elementary  condensers. 
Hence 

^    .-dx;  (121) 


that  is, 


1       p 


2  T  aKx 


or 


^      2TraK 


1  ^2 

log*- 


(123) 


Inserting  the  value  of  a,  we  have,  if  dimensions  are  in  centi- 
meters, the  formula  for  the  capacitance  of  the  cable  in  ab- 
farads  per  centimeter  length 

C  »■  io  w  i^^ abfarads  per  centimeter,      (124) 

18  X  10^  1      ^a 

n 

or,  since 

1  abfarad  =  10'  farads 

=  10^*  microfarads, 

1          K 
C  =»  1QS/  106' microfarads  per  centimeter,    (125) 
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Prob.  43-13.  If  impregnated  paper  is  substituted  for  the 
rubber  in  the  cable  of  Prob.  42-13,  what  will  be  the  capacitance 
per  mile?  The  dielectric  constant  of  impregnated  paper  may 
be  taken  as  2.5. 


Fig.  241. 


The  distribution  of  stress  in  the  insulation  of  a  cable  with 

a  metal  sheath. 


Prob.  44-13.  Describe  with  diagrams  how  an  ungrounded 
break  in  an  insulated  cable  could  be  located  provided  the 
capacitance  of  the  whole  cable  before  the  break  was  known. 

Prob.  46-13.  If  a  1000-volt  potential  is  applied  to  the  cable 
of  Prob.  42-13,  plot  the  potential  gradient  throughout  the 
insulation. 
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TABLE  V 
Specific  Heat  op  Various  Materials 


Material 

Specific 

heat  in 

calories  per 

gram 

Material 

heatinJ 
caloriM  pJ 
gram 

AlnTniniim 

0.0217 

0.0489 

0.0302 

0.107 

0.0560 

0.1520 

0.103 

0.0931 

0.0316 

0.119 

0.115 

0.031 

0.107 

0.0335 

0.109 

0.0323 

0.0559 

Sulphur 

0.173 

Antimony 

Tin 

0.0551 

Bismuth 

Tungsten 

0.0336 

Bromine 

Zinc 

0.093ft  i 

Cfl^nniiim       ,     , 

Glass 
crown 

Calcium 

0.161 

Cobalt. .' 

flint 

0.117 

Copper 

Ice 

0.530 

Gold 

Rubber 

0.481 

Iron 

Mica 

0.206 

cast 

Paraffin 

0.694 

wrought 

Porcelain : . . . . 

0.26 

Lead 

Brass 

0.068 

Maneanese 

German  Silver 

0.095 

Mercury 

Alcohol 
eth vl 

Nickel 

0.648 

Platinum        

methyl 

0.601 

Silver 

Petroleum 

0.611 

TABLE  VI 
Dielectric  Constants  (Average  Values) 


Material 


Ebonite 

Glass 

flint 

hard  crown 
lead 

Guttapercha. 

Mica 

Paraffin 

Shellac 

Air. 


Dielectric 
constant 


2.7 

9.9 
7.0 
6.6 
4.1 
5.8 
2.1 
3.1 
1 


Material 


Acetone 

Alcohol  (0**  C.) 

amyl 

ethyl 

methyl 

Ammonia 

Benzene 

Glycerine 

Petroleum 

Water  (pure)  . 


Dielectrie 
constant 


26.6 

17.4 
28.4 
35 
22 

2.3 
56.2 

2.1 
81 


? 
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Coil  in  magnetic  field,  370,  371, 

378 
Coils  in  slots,  226,  226,  227,  228 

of  round  and  rectangular  wire, 
224 
Commutator,  335,  336,  362,  379 
Commutatorless  generator,  346 
Complex  ions,  110 
Computation,   exact  vs  approxi- 
mate, 220,  222,  225,  231 
Concentrated  coil  winding,  343 
Concentration  of  electrolyte,  117, 

121,  124,  126 
Concrete   structures,    electrolysis 

of,  128,  133 
Condenser,  252,  434,  436 

action,  434,  476,  487 

air  and  glass,  481 

charge,  440,  443,  488 

charge  curve,  453 

charging    current    curve,    451, 
454 

charging  through  a  resistance, 
448,  458 

circuit,  power  in,  474 

curve  of  leaky,  493 

dielectric  absorption  of,  477 

discharge,  453,  455,  488 

discharge  current,  455 

discharge  cvu^e,  456 

energy  relations,  456,  488 

hydrauUc  analogy  of,  441 

losses,  476 

measurement  of  current,  437 

mechanical.force  on,  459,  488 

parallel-plate,  439,  459,  487 

potential  gradient,  461 

simple,  435 

sinusoidal  voltage  on,  472 

three-dielectric,  482 

time  constant  of,  451,  488 
Condensers,  in  parallel,  478 

in  parallel  and  series,  478 


Condensers,  in  parallel  and  series, 
capacitance  of,  478,  481,  489 
in  parallel  and  series,  total  vol- 
tage of,  480 
in  series,  479 
two  connected,  492 
Conductance,  definition  of,  35,  43 
Conduction,  electrolytic,  107,  109, 
392 
in  X-ray  tubes,  408,  410 
metallic,  resume  of  character- 
istics, 391 
non-metallic,  392,  426 
thermionic,  393,  394,  395,  396, 
397,  426 
Conductivity,  of  electrolytes.  111, 
132 
of  materials,  79 
vs  permeability,  146 
Conductor,    chemical   change  in, 
107 
force  on,  367,  386 
in  iron  sheath,  191,  233 
in  iron  trough,  232 
in  moving  field,  340 
local  currents  in,  348 
soUd  cylindrical,  200 
tubular,  199 
Contactor,  294 
Contactors,     alternating-current, 

354 
Continuous  current,  definition  of, 

19 
CooUdge  X-ray  tube,  406 
fluorescence  of,  407 
focussing  shield  of,  407 
potential  of,  407 
Copper,  conductivity  of,  80,  100 
refining,  126 

refining,  cost  of,  126,  127 
refining,  energy  required,  127 
resistance  of,  77 
resistivity  of,  78,  80,  100 
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Faraday's  laws,  114, 117, 127, 132, 
136 

lines  of  flux,  143 
Feeder,  47 
Field,  parallel,  uniform,  234 

strength  of  long  wire,  201 

windings,  343,  385 
Filaments  of  flux,  238,  240 
Fixation  of  nitrogen,  130 
Flaming  arcs,  422 
Flash-over,  419 

on  insulator,  419 
Fleming's.right-hand  rule,  331, 367 

thermionic  valve,  393 
Fluorescence,  407 
Flux,  251,  253,  350,  354 

amoimt  of,  146 

and  ampere-turns,  155 

and  current,  direction  of,  165, 
189 

current  required,  156 
Flux  density,  143,  148,  152,  176, 
188,  232,  234,  235,  237,  242, 
304 

alternating,  305 

at  center  of  circular  form,  202, 
205 

in  iron  sheath  of  cable,  190 

lagging,  301,  321 

maximum,  315 

measurement  of,  307,  375 

near  wire  in  air,  190,  196 

of  circular  coil,  202,  203,  204, 
205 

of  rectangular  coil,  194 

of  solenoid,  211,  214,215 

relation  to  eddy-current   loss, 
354 

relation  to  magnetizing  force, 
153 

relation  to  permeability,  152 

variation  in,  313,  359 

wave  form,  253,  254 


Flux,  diagrams,  237 

distribution,  187,  197,  202,  225 

distribution   in  leakage  paths, 
173 

in  air  gaps,  165 

in  armature  core,  226,  229 

lines,  142, 145 

lines,    direction    of,    165,    189, 
235,  236 

lines   and   mutual   inductance, 
283 

linkage,  255 

linkage,   change  in,   328,   347, 
362, 363 

measurement  of,  138,  142,  216 

of  induction  coil,  256 

paths,  224,  231,  240 

total,    between    two    parallel 
wires,  243 
Foot-pound,  53,  60 
Force,on  a  condenser,  459 

on  a  conductor,  367,  380 

on  a  conductor,  amount  of,  368 

on  meter  coils,  373 

on  wire  in  a  field,  368,  370,  378 
Four-pole  generator,  175 

armature  of,  339 

frame  of,  340 
Frequency,  very  high,  309 
Fringing,  173,  238,  239,  277 
FroeUch's  equation,  310,  321 

G 

Galvanometer,  ballistic,  140,  216, 
244,  307,  375,  386,  446 

sensitive,  375 
Gas  on  electrodes,  113 

amount  liberated,  114 
Gas  pressure  in  X-ray  tubes,  409 
Gaseous  discharge  tube,  410 

X-ray  tube,  409 
Gases,  electrons  in,  408 
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Mean  free  path  of  electrons,  409, 

410,  426 
Mean  magnetization  curves,  310 
Mean  self-inductance,  281 
Mercury-arc, lamp,  422 

rectifiers,  392,  423 
Metallic    conduction,    resum6    of 

characteristics,  391 
Metals,  refining  of,  126 
Meter,  direct-current,  372 

cores  and  poles  of,  373 
Meter  scale,  evenly  divided,  373 
Meters,  371,  375,  386 
Mho,  35 

Mho-centimeter,  80 
Mica,  dielectric  strength  of,  432 
Microfarad,  437,  487 
Microhm-centimeter,  76 
Mil-foot  wire,  77 
Mobility  of  ions.  111,  116,  132 
Moisture  on  insulators,  419 
Molecules,  107,  110,  407 
Moore  hght,  411 
Motors,  principles  of,  377 

slowing  down  of,  384 

speed  of,  381,  383,  384,  386 
Moving  field,  340 
Multipolar, field,  343 

generator,  terminal  voltage  of, 
339 
Mutual  induction,  280,  289 

N 

Negative  feeders,  128 
Nemst  ''glower,"  85 
Networks,  computation  of,  32 
Neutral  wire,  68 
Nickel-iron  battery,  120,  123 

reaction  of,  124 
Nitrogen,  fixation  of,  130 
Non-metallic  conduction,  392 
Normal  solution.  111 


Norway  iron,  318 
No-voltage  release,  230 

O 

Oersted,  definition  of,   146,   147, 

176 
Oersted's  discovery,  136 
Ohm,  definition  of,  21,  48 
Ohm-centimeter,  76,  100 
Ohm's  law,  22,  43,  146,  392 
Ohm's  law,  application  of,  23, 155 
to  inductive  circuits,  260 
to  insulating  materials,  96 
Ohm's  law,  and  electric  arcs,  152 
for  magnetic  circuits,  146,  155, 

176,  219,  240,  275 
Ohms  per  mil-foot,  77,  100 
Oil  switch,  230 
Oscillating  current,  definition  of, 

20 
Oscillator,  C.  G.  Smith's,  413 

thermionic,  400,  403 
Oscillogram,  454,  493 
Out  of  phase,  254 
Output  of  a  motor,  382 
Oxygen,  manufacture  of,  130 


Parallel  conductors,  flux  distribu- 
tion, 195,  197,  198 
Parallel-plate  condenser,  439,  487 
Parallel  wires,  charges  on,  470 
Pasted  type  of  cell,  120 
Period  of  alternating  flux,  352 
Permanent  magnets,  300,  319,  322 
Permeabihty,   analogy  to  dielec- 
tric constant,  438 

definition  of,  146,  177 

greater  than  imity,  148,  168 

infinite,  235 

of  saturated  iron,  298 
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Transients,  258 

in  inductive  circuits,  258 
Transmission,    efficiency    of,   62, 
70 

losses,  66,  70 

regulation  of ,  64 

system  diagrams,  63,  65,  67,  69, 
72 

three-wire,  66 

voltages,  66 
Triangle  connection,  35 
Trolley-car  voltage-boosting   de- 
vice, 47 
Tubular  conductor,  199 
Tungar,  410 
Tungsten. filaments,  85 

steel,  315,  318,  319,  322 
Turbo-generator,  137 
Two-pole  d-c.  generator,  336 

voltage  curve  of,  338 
Two-pole  field,  343 

motor,  163 

U 

Underwriters'  table,  92,  101 
Unidirectional  rotation,  378,  379 
Uniform    field,    introduction    of 

iron  int6,  230,  234 
Unit  current,  204,  244 
Units,  in  absolute  system,  22 

used  for  dielectrics,  490 
Univalent  atoms,  109 


Vacuum,  hard,  407,  412 
permeability  of,  168 
tubes,  9 

Valence,  114 

Variometer,  284 

"Varley  loop,"  42 
test,  diagram,  42 


Varnished  cambric,  resistivity  of, 

95 
Vectorial  addition,  196 
Velocity,  of  electrons,  405,  426 
moving    conductor,    333,    335, 
359,  381 
Volt,  definition  of,  21,  43 
Voltage,     chemically      produced, 
111 
distribution    in    inductive    cir- 
cuits, 287 
drop,  allowable,  93 
gradient,  96 
•  induced,  250,  281 
regulator,  284 
regulator,  induction,  284 
ripples  in,  338 
sinusoidal,  472 
Voltage  generated  by  moving  con- 
ductors, 328,  330,  340,  362, 
367,  381 
direction  of  motion,  331 
Voltage,    measurement     of,     38, 
43 
by    •  electrostatic      attraction, 

464 
by  spark  gaps,  417 
diagram,  39 
Voltage,  of  coil  in  air  gap,  329, 
330,  333,  334 
of  condensers  in  parallel   and 

in  series,  480 
of  lamp  combinations,  diagram, 

45 
of  self-induction,  255,  258,  280, 

287 
of  wire  in  air  gap,  332 
Voltages,  generated    by    moving 
field,  341 
in  motors,  382 
used  in  plating,  126 
Voltmeter,  39 
Volt-second,  140 
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